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Abstract
The Santonian to early Campanian mudstone-dominated Puskwaskau Formation was correlated
throughout a study area of 50,000 km2 in north-central Alberta using 988 well logs. Fourteen
informal allomembers, established by previous studies, are bounded by regionally-mappable
marine flooding and/or transgressive surfaces that are traceable for hundreds of kilometres within
the study area. These laterally continuous bounding surfaces are parallel to very gently
converging, and mostly terminate by onlap onto underlying surfaces. Observations in thin section
and in SEM revealed ten mudstone microfacies, grouped into five microfacies associations. The
facies preserve evidence for repeated storm-generated reworking of the seafloor. The
Puskwaskau Fm. exhibits an assemblage of authigenic cements that are mainly intergranular
pore-filling phases indicative of early diagenesis. The geometric style of allomember bounding
surfaces, combined with microfacies analysis, suggests that the seafloor was a low-gradient ramp
that was repeatedly reworked by storms. The physiography of the ramp was maintained by a near
equilibrium between the rates of accommodation and sediment supply.
Allomembers are grouped into three tectono-stratigraphic ‘units’, each of which forms a broadly
arcuate, wedge-shaped package of rock with a strike length of > 800 km. The thickest part of
successive units is laterally offset from the underlying unit, suggesting that the locus of tectonic
loading underwent a corresponding shift. The flexural forebulge surrounding unit 2 is exposed in
the southern Alberta foothills where ~ 2 m of sandy, bioclast-rich sediment is equivalent to ~
100 m of mudstone in the unit depocentre. The same forebulge exposed ~ > 250 km distal to the
orogen is instead mantled by clay- and organic-rich sediment. Isopach maps of individual
allomembers show little evidence of thickening toward the orogen as predicted by flexural
models of subsidence. Subsidence patterns are, instead, interpreted to have been governed by
episodic movement along four inferred deep-seated faults, that are interpreted to have generated
localised horst and graben structures that resulted in localised regions of accommodation.
Movement of these faults is interpreted to have been controlled by changes in the magnitude of
in-plane stress within the plate, associated with orogen-related flexure.
Keywords: Puskwaskau Formation, foreland basin, ramp sedimentation, allostratigraphy, Upper
Cretaceous, condensed section, microfacies, petrography, mudstone, diagenesis
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Chapter 1: Thesis Introduction
1.1 Introduction: A New Era in Mudstone Sedimentology
It has been more than a century since petrologist Henry Clifton Sorby highlighted the
complexity of the study of fine-grained sediment in his 1908 seminal publication:
“Possibly many may think that the deposition and consolidation of fine-grained mud must be a
very simple matter, and the results of little interest. However, when carefully studied
experimentally, it is soon found to be so complex a question, and the results dependent on so
many variable conditions, that one might feel inclined to abandon the enquiry, were it not that so
much of the history of our rocks appears to be written in this language” (Sorby, 1908, p. 190191).
Intuitively, it is reasonable to speculate that the complex nature of fine-grained sediment
might have driven human curiosity to comprehensively investigate these rocks. Yet surprisingly,
the majority of the past century has witnessed a general neglect of mudstones in comparison to
other classes of sedimentary rocks, such as, sandstones or limestones (Picard 1971; Schieber
1999). Early researchers (e.g. Cane 1976; Potter et al. 1980) used terms such as ‘quiet-water’,
‘low-energy’, and ‘deep-water’ to describe the inferred environment of mud sedimentation.
Mudstones comprise a mixture of silt- and clay-sized particles <63 µm in diameter (Potter et al.
1980; Stow 1981), and account for more than two-thirds of the sedimentary rock record
(Schieber and Zimmerle 1998; Aplin et al. 1999). In this current study, the term “mudstone”
refers to fine-grained sedimentary rocks that contain >50% clay- and silt-size particles (cf. Lazar
et al. 2015).
The last two decades have seen a renaissance in the study of fine-grained sediment.
Particularly, observations in modern environments (e.g. Wright et al. 1988; Kineke et al. 1996;
Friedrichs and Wright 2004; Traykovski et al. 2007) as well as in flume experimentation (e.g.
Schieber et al. 2007; Baas et al. 2009; Hooshmand et al. 2015) suggest that dynamic, energetic
processes were responsible for the deposition of at least some mudstone in water much shallower
than previously interpreted. Studies of the ancient rock record (e.g. Macquaker et al. 1998;
Schieber 1999; Plint et al. 2012a; Plint 2014) indicate that mudstone is quite heterogeneous at the
millimeter- to micrometer-scale, and that many mudstone successions may be the product of
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energetic processes and not simply defined by suspension settling of silt and clay from the water
column. However, despite recent advances in mud sedimentology, few studies of the Cretaceous
succession in the Western Canada Foreland Basin have attempted to examine the variability of
mudstone microstructure in the context of an allostratigraphic framework. The Upper Cretaceous
(Santonian) Puskwaskau Formation provides an excellent natural laboratory in which to examine
the compositional and textural variability of mudstone in an allostratigraphic and
paleogeographic framework.
1.2 Research Objectives
The principal objectives of this thesis can be broadly described as threefold. The first
objective is to reconstruct the allostratigraphic and paleogeographic history of the regionallyextensive Puskwaskau Formation in north-central Alberta. The second objective is to provide a
detailed description and interpretation of the microfabrics and microfacies that encompass the
mudstone-dominated succession, and to view these sedimentological characteristics within an
allostratigraphic and paleogeographic framework. The third objective is to understand how the
grain assemblages and grain compositions are related to chemical and mechanical diagenetic
pathways and to interpret the diagenetic history of the Puskwaskau Formation.
1.3 Previous Work
The formational name ‘Puskwaskau’ was first proposed by Wall (1960, p. 6) to describe
“shales outcropping along the Smoky River underlain by the Bad Heart sandstone and overlain
by the Wapiti Formation.” The name ‘Puskwaskau’ is derived from the Puskwaskau River which
empties into the Smoky River (Wall 1960). Seminal work by Stott (1963, 1967) defined five
lithostratigraphic members for the Puskwaskau Formation in north-central Alberta: Dowling,
Thistle, Hanson, Chungo and Nomad Members. The Chungo Member is sandstone-dominated
and the other members are dominated by mudstone and siltstone (Hu and Plint 2009). The
Puskwaskau Formation is stratigraphically equivalent to the upper part of the Wapiabi Formation
in southern Alberta, and to the Niobrara Formation in the United States (Nielsen et al. 2003; Hu
and Plint 2009).
The Puskwaskau Formation is underlain conformably by the Bad Heart Formation in
north-central Alberta (c.f. Donaldson 1997). Deposition of the Bad Heart Formation was shown
by Donaldson et al. (1998) to have been influenced by localised block faulting. Donaldson et al.
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(1998; 1999) suggested that deposition of the overlying Puskwaskau Formation was not
influenced by movement of these block faults. Additionally, those authors showed that a
prominent marker within the basal Puskwaskau Formation (termed ‘P1’) onlapped the
Marshybank Formation in the west and the Bad Heart Formation in the east.
Collom (2001) completed a primarily bio- and lithostratigraphic study of the Wapiabi
Formation throughout the Alberta Foothills. His work was strictly outcrop-based and did not
include subsurface well log data. Fanti and Catuneanu (2009) investigated the transition from the
marine Puskwaskau Formation to the conformably overlying fluvial facies of the Wapiti
Formation. In the Grand Prairie region of northern Alberta, marine mudstones of the Nomad
Member (uppermost Puskwaskau Formation) grade upwards into delta front sandstones of the
Wapiti Formation (Fanti and Catuneanu 2009).
Hu (1997) and Hu and Plint (2009) completed a regional-scale allostratigraphic
correlation of the Puskwaskau Formation by coupling their outcrop and subsurface data. Hu and
Plint (2009) organized the Puskwaskau Formation into 14 regionally-mappable allomembers,
labeled A-N in ascending order. These authors grouped the 14 allomembers into three larger
stratigraphic packages, with each package interpreted to have deposited in unique flexural
depocenters; a consequence of thrust sheet advancement in the fold-and-thrust belt. Recently
Ibrahim (2018) reconstructed the allostratigraphic history of the Wapiabi Formation from the
southern edge of the Hu and Plint (2009) study area, south to the Montana border. This present
study extends from the northeastern part of Hu and Plint (2009) eastward to the Saskatchewan
border.
1.4 Study Area and Database
The subsurface study area covers approximately 50,000 km2 in north-central Alberta. A
subsurface grid delineates an approximately rectangular area that extends from range 1W4
(114°), township 60 to range 1W6 (118°), township 70. Four outcrop sections along the Rocky
Mountain Foothills and two drill cores in north-central Alberta were sampled for microfacies and
microtextural analysis (i.e. optical and electron microscopy). The database and sampling method
for the mudstone microfacies and microtexture study are provided in Chapter 3.
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Figure 1.1 – Map of Alberta showing the location of outcrops, core, and the subsurface study
area of this thesis.
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1.5 Methods
The stratigraphic architecture of the Puskwaskau Formation was determined by following
an allostratigraphic approach. Allostratigraphy is a formal method for dividing the stratigraphic
record into mappable rock bodies on the basis of bounding discontinuities, rather than lithology
(North American Commission on Stratigraphic Nomenclature, 2005). In this study, bounding
surfaces consist mostly of marine flooding surfaces, most of which are regionally-extensive over
at least several hundreds of kilometers. Gamma-ray and/or resistivity logs from 988 wells were
used to construct a grid of 35 cross-sections each of which was spaced ~20 km apart. Hu and
Plint (2009) identified fourteen allomembers within the Puskwaskau Formation on the basis of
regionally-correlatable marine flooding surfaces. These allomembers consist of one or several
stacked parasequences. This current study extends the allostratigraphic framework of Hu and
Plint (2009) by tracing the bounding surfaces identified by Hu and Plint (2009) into a previously
unexplored subsurface region in north-central Alberta. Isopach (thickness) maps based on the
correlated subsurface grid have allowed the subsurface stratal architecture to be reconstructed in
three dimensions.
To enable analysis of mudstone microfacies and microstructure, thin sections and carbon
coated polished chips were made from outcrop and core samples. A detailed summary of the
sample retrieval and preparation method is provided in Chapter 3.
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Figure 1.2 – Map of the subsurface database illustrating the locations of well logs and core;
north-central Alberta.
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1.6 Overall significance of this study
There are a number of studies that have centered on understanding the sequence
stratigraphy of mudstone-dominated successions in foreland basin settings (e.g. Mars and
Thomas 1999; Varban and Plint 2008b; Hu & Plint 2009, Grifi et al. 2013; Mack et al. 2016).
However, few studies have documented the compositional and textural variability of Cretaceous
mudstones at the micrometer- to centimeter-scale in the Western Canada Foreland Basin (Plint et
al. 2012a; Plint 2014). This study is one of few to determine the microtextural and microfacies
variability of mudstone within a basin-scale (50,000 km2) context. From an industry perspective,
an understanding of how these sedimentological and stratigraphic characteristics are related will
allow for better source and reservoir models to be built.
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Chapter 2: Foreland Basin Evolution and Sequence Stratigraphy
2.1 Introduction
The aim of this chapter is to provide a general overview of the literature pertaining to
foreland basins, the evolution of the Western Canada Foreland Basin, and sequence stratigraphy.
These concepts will be used when reconstructing the depositional history of the Puskwaskau
Formation in Chapters 6 and 7.
2.2 Foreland Basins
A foreland basin is an elongate depression that forms adjacent to an orogenic belt, in
response to flexural subsidence that is driven by thrust-sheet loading in the orogen (Fig. 2.1;
Jordan 1981; DeCelles and Giles 1996). Two types of foreland basins are recognized in distinctly
different tectonic settings (Dickinson 1974). Peripheral foreland basins develop on the
subducting plate in front of a thrust belt that is adjacent to a suture zone (Beaumont 1981; Jordan
1981). Examples include the North Alpine Foreland Basin of western Europe and the IndoGangetic Basin south of the Himalayas. Retroarc foreland basins form on the cratonic side of
the over-riding plate, along the continental-interior flanks of continental-margin orogenic belts
(Jordan 1981; 1995). Examples include the Western Canada Foreland Basin east of the Canadian
Rockies and the Andean Foreland Basin east of the Andean fold-thrust belt.
DeCelles and Giles (1996) introduced the concept of a foreland basin system which, in
an ideal sense, consists of four depozones, referred to as the wedge-top, foredeep, forebulge, and
back-bulge (Fig. 2.1). Each of these discrete depozones forms under different kinematic and
subsidence conditions and the boundaries between depozones may shift laterally through time
(DeCelles and Giles 1996; DeCelles 2012). The wedge-top depozone consists of sediment that
buries the active frontal part of the thrust belt (DeCelles 2012). Growth structures, numerous
unconformities, and sediment of a high textural and compositional immaturity characterise the
wedge-top depozone (DeCelles and Giles 1996). For example, in the Po-Adriatic foreland basin
system, actively moving thrust sheets have been buried beneath more than three kilometres of
sediment comprising the wedge-top depozone (Ori and Friend 1984).
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Figure 2.1 – Cross-section depicting the depozones of a foreland basin system, drawn at
approximately true relative scale. From DeCelles and Giles (1996).

10

The foredeep depozone lies between the frontal tip of the orogenic wedge and the
forebulge (DeCelles and Giles 1996). Petrographic and provenance studies of foredeep
successions suggest that sediment is derived mainly from the fold-and-thrust belt, with minor
contributions from the forebulge and craton (DeCelles and Hertel 1989; Critelli and Ingersoll
1994). The foredeep depozone is typically 100 to 300 km-wide and contains sediment 2 to 8 kmthick, and the longitudinal dimension of the entire foreland basin system is approximately equal
to the length of the adjacent fold-and-thrust belt (DeCelles and Giles 1996).
The forebulge depozone is a region of potential flexural uplift and exists cratonward of
the foredeep (DeCelles and Giles 1996). The forebulge ranges from 220 to 690 km in width and
exhibits a positive amplitude of 4 to 7% of the amplitude of the maximum foredeep negative
deflection; for typical continental lithosphere, this flexural deflection translates into heights of
approximately 200 to 400 metres (DeCelles 2012). Due to its positive topography and potentially
migratory behaviour, the forebulge has been difficult to identify in the geologic record because it
may be a region of erosion and hence represented by only an unconformity as it migrates through
a region (DeCelles and Giles 1996). Studies of the Upper Cretaceous Kaskapau Formation have
revealed that stratal packages in the foredeep display subtle onlap geometries onto the forebulge,
as well as the presence of foredeep-directed progradation of thin sandstones derived from an
inferred forebulge crest (e.g. Varban and Plint 2005; 2008b). The latter observation suggests that
the forebulge, despite having subtle topography, may provide a source of sediment to the
foredeep at times of flexural uplift (due to rapid loading). Although the forebulge is generally
considered to be a zone of non-deposition or erosion (DeCelles and Giles 1996), thick sediment
accumulations have been described. For example, in the Taranaki Foreland Basin in New
Zealand, around 400 metres of shallow-marine sediment accumulated in the forebulge area (Holt
and Stern 1994).
The back-bulge depozone is a broad region of shallow secondary flexural subsidence
that exists between the forebulge depozone and the craton (DeCelles 2012). Due to relatively low
rates of subsidence in the back-bulge, the stratigraphic succession typically consists of thin
accumulations of sediment, derived mostly from the orogenic belt (DeCelles and Giles 1996).
These successions are dominated by shallow-marine to non-marine sediment and range from a
few 10s of metres thick (e.g. Plint et al. 1993), upwards of several hundred metres thick (e.g.
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Holt and Stern 1994; Giles and Dickinson 1995; DeCelles 2004). Stratal markers in some
foreland basin systems may reveal orogen-direction onlap onto forebulge unconformities that
ultimately reflect the expansion or migration of a back-bulge basin (Plint et al. 1993).
In a foreland basin system, isostatic subsidence is generated primarily in response to
crustal thickening in the orogen which generates a topographic (i.e. orogenic) load (Price 1973;
Jordan 1981; DeCelles and Giles 1996). Loading of a strong, thick, and cool lithosphere
generates a wide and shallow foreland basin, whereas loading of a weak, thin, and hot
lithosphere produces a narrower and deeper basin (McMechan and Thompson 1993). Flexural
modeling studies suggest that additional subsidence is generated due to sediment and water loads
filling the foreland trough (Jordan 1981; Flemings and Jordan 1989). In addition to the static load
generated by the orogen, dynamic (i.e. viscous) stresses within the asthenosphere generate
regional subsidence that may extend over distances greater than 1000 kilometres (Mitrovica et al.
1989; Burgess et al. 1997; 1999). This “dynamic subsidence” is due to viscous coupling between
the subducting oceanic plate, the overlying mantle wedge, and the base of the overriding
continental plate, whereby mantle corner flow is induced by viscous drag of the subducting plate
(DeCelles and Giles 1996; DeCelles 2012).
Modeling studies have suggested that periods of tectonic loading (i.e. active thrusting)
result in the most rapid basin subsidence and lead to a foredeep succession dominated by
mudrocks (Jordan and Flemings 1991). This is because a high accommodation rate results in the
trapping of coarse-grade siliciclastics in the most proximal part of the foredeep, which prevents
coarse-grained nearshore sediment from prograding far into the foredeep (e.g. Varban and Plint
2008b; Hu and Plint 2009; Angiel 2013). As a result, a high accommodation rate generally
results in wedge-shaped rock packages (Fig. 2.2; Plint et al. 2012b). In contrast, periods of
tectonic quiescence (i.e. orogenic unloading or cessation of thrusting), allow sand-rich nearshore
systems to prograde into the basin (Heller et al. 1988). Therefore, a low accommodation rate
generally results in rock packages with a highly-progradational, sheet-like geometry (Fig. 2.2;
Plint et al. 2012b). Recent allostratigraphic studies of the Western Canada Foreland Basin have
revealed wedge- and sheet-shaped rock packages that, respectively, suggest alternating periods
of rapid subsidence associated with tectonic loading, alternating with phases of slow subsidence

12

or uplift, associated with tectonic quiescence or orogenic unloading (e.g. Varban and Plint
2008b; Buckley and Plint 2013; Buckley et al. 2016; Plint et al. 2017).
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Figure 2.2 – A summary dip cross-section illustrating the variation in stratal geometry between the
Kaskapau alloformation and the overlying Cardium alloformation. The Kaskapau alloformation
exhibits strongly wedge-shaped units in which nearshore sandstones prograded only a short distance
from the preserved basin margin. Wedge-shaped allomembers of the Kaskapau alloformation are
interpreted to be the result of a high accommodation rate that resulted in the trapping of sand and
gravel in the most proximal part of the foredeep, promoting the deposition of fine-grained sediment in
the offshore part of the basin. In contrast, sheet-like allomembers of the Cardium alloformation
suggest a low subsidence rate that allowed the progradation of shoreface sandstones > 100 km from
the contemporaneous shoreline. From Plint et al. (2012b).
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2.3 The Western Canada Sedimentary Basin
The Western Canada Sedimentary Basin (WCSB) comprises a wedge of sedimentary
rocks spanning the Late Proterozoic to Paleogene, that thickens westward from a subcrop edge
along the Canadian Shield to more than 20 km where the rocks are exposed within the Canadian
Cordillera (Fig. 2.3; Porter et al. 1982; Wright et al. 1994). The Canadian Cordillera
encompasses five northwest-southeast trending tectonic belts that, from east to west, comprise
the Foreland fold and thrust belt, the Omineca belt, the Intermontane belt, the Coast belt, and the
Insular belt (Fig. 2.3; Monger et al. 1982). East of the Foreland fold and thrust belt, the
succession comprising the WCSB overlies Precambrian crystalline rocks that form the core of
the North American craton (Price 1994).
The tectonic evolution of the WCSB can be divided into two main stages: 1) a Late
Proterozoic to Middle to Late Jurassic passive margin stage, followed by, 2) a Middle Jurassic to
Eocene foreland basin stage (Fig. 2.4; Price 1994; Wright et al. 1994). A rifting event in the Late
Proterozoic culminated in the formation of a passive margin on the western margin of Laurentia
(ancestral North America; Dalziel 1991; Ross 1991). This rifting event signifies the first tectonic
stage in the evolution of the WCSB, in which the source of sediment was derived from the North
American craton and shed westward along the Cordilleran continental passive margin (Price
1994).
Early sedimentation on the western margin of North America is represented by rocks of
the Late Proterozoic Windermere Supergroup (Ross et al. 1989; 1995). The basal part of the
Windermere Supergroup consists of glaciogenic diamictites and conglomerates of the Toby
Formation intercalated with mafic volcanic rocks of the Irene Formation which together
represent a syn-rift succession up to 2.5 km-thick (Ross et al. 1995). These rocks are then
overlain by a post-rift, 5- to 7-km-thick succession of mostly deep-marine conglomerate, coarsegrained sandstone, fine-grained turbidites, and minor carbonate intervals (Ross and Arnott 2007).
Collectively, these rocks represent an early drift phase of sedimentation in a rapidly thermallysubsiding passive margin basin (Ross et al. 1995).

15

Figure 2.3 – An outline of the Western Canada Sedimentary Basin between the Canada - U.S. border
and 60°N. The Western Canada Sedimentary Basin encompasses a wedge of sedimentary rocks that
thickens towards the Rocky Mountain Cordillera. Note the five major sub-divisions of the Canadian
Cordillera. From Ricketts (1989).
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Figure 2.4 – A simple schematic illustration of the evolution of the Rocky Mountain Fold and Thrust
Belt. a) During the Early Jurassic, several allochthonous terranes were amalgamating to form one
composite terrane, outboard of the North American craton. b) Collision of the Intermontane
Superterrane with the western margin of North America resulted in compression and thickening of the
crust, and marked the earliest evolution of the fold and thrust belt. c) The direction of plate
convergence changed in the Early Cretaceous, from slightly sinistral to strongly dextral. This change
in plate motion set up transpressional forces along the Cordillera. d) During the Late Cretaceous to
Middle Eocene, a second pulse of subsidence was caused by collision of the Insular Superterrane with
the North American craton. From Price (1994).
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The Windermere Supergroup is unconformably overlain by a Cambrian succession of
siliciclastic sediments that were deposited during marine transgression of the North American
craton, in response to rapid subsidence that followed continental separation (Aitken 1989; Hein
and McMechan 1994). A significant regression marks the Cambrian to Lower Ordovician phase
of the evolution of the cratonic platform and is represented by an erosional surface of
continental-scale (Kent 1994). Marine transgression of the craton resulted in the development of
a carbonate platform and a long period of mostly carbonate sedimentation dominated most of the
Silurian, Devonian, and Early Carboniferous (cf. Osadetz and Haidl 1989; Moore 1989; Richards
1989). Conditions favourable to the formation of carbonate sediments became unfavourable in
the Late Carboniferous as Pangaea drifted towards higher latitudes (Henderson 1989). Triassic
time saw significant marine sedimentation, both clastic and carbonate, on the passive margin of
the North American continent, whereas to the east, the craton underwent erosion and minimal
sedimentation (Kent 1994).
By the latest Triassic to earliest Jurassic time, several allochthonous oceanic terranes had
amalgamated to form the composite Intermontane Superterrane outboard of the North
American craton (Monger et al. 1982; Ricketts 2008). By Middle Jurassic time, northwestward
migration of the North American plate toward, and over, the east-dipping subducting Farallon
plate occurred in response to rapid-sea-floor spreading in the North Atlantic (Monger and Price
1979; Kauffman & Caldwell 1993). Subsequent collision of the Intermontane Superterrane with
the western margin of the North American craton resulted in significant compression and
thickening of the crust (Price 1994). Isostatic subsidence was generated in response to
supracrustal thickening of the cratonic margin, and a broad flexural foreland basin formed to the
east of the fold and thrust belt (Price 1973; Kauffman and Caldwell 1993). From the Late
Jurassic to Early Eocene time, this foreland basin stage dominated the tectonic evolution of the
WCSB and the main source of sediment was to the southwest in the emerging Cordilleran
mountain belt (Price 1994).
Collision of the Intermontane Superterrane with the North American craton generated the
first major pulse of subsidence in the Western Canada Foreland Basin and is referred to as the
Columbian Orogeny (Porter et al. 1982). The Intermontane Superterrane consists of an
amalgamation of the Stikine, Cache Creek, Quesnellia, Slide Mountain, and Kootenay terranes
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(Price 1994). During the Late Jurassic, another major composite terrane, the Insular
Superterrane, was forming outboard of the craton margin by amalgamation of the Alexander
and Wrangellia terranes (Monger et al. 1982; Ricketts 2008). By Late Cretaceous to Paleogene
time, the Insular Superterrane collided with the outboard part of the Intermontane Superterrane,
and consequently, initiated the onset of a second major pulse of subsidence termed the
Laramide Orogeny (Monger et al. 1982; Porter et al. 1982).
2.4 Sequence Stratigraphy: Fundamentals and Key Definitions
In the late 1970s, seismic stratigraphy was introduced in AAPG Memoir 26 as an
approach to the stratigraphic interpretation of seismic data (Vail et al. 1977). The concept of
seismic stratigraphy required the recognition of stratal geometries and lapout patterns in
seismic sections to interpret regional unconformities (Vail et al. 1977). Moreover, the
stratigraphic relationships revealed in seismic sections were, at the time, considered to be
induced entirely by eustatic change (cf. Global Cycle Chart of Vail et al. 1977). Seismic profiles
were eventually supplemented by detailed borehole and outcrop scale data which led to the
development of modern sequence stratigraphy – the principles of which were presented in
seminal papers by Posamentier and Vail (1988), Posamentier et al. (1988), and Van Wagoner et
al. (1988), in SEPM Special Publication 42. Today, these works are collectively referred to as
the Exxon Model.
Sequence stratigraphy is the study of genetically related facies within a framework of
chronostratigraphically significant surfaces (Van Wagoner et al. 1990). The fundamental unit in
sequence stratigraphic analysis is the sequence, which was defined by Mitchum (1977) as “a
relatively conformable succession of genetically related strata bounded at its top and base by
unconformities or their correlative conformities”. Sequences are subdivided into component
units termed systems tracts (Posamentier and Vail 1988; Van Wagoner et al. 1988) – a concept
originally defined by Brown and Fisher (1977) to represent a linkage of contemporaneous
depositional systems. In a hierarchical scheme, sequences are composed of parasequences that,
in turn, stack to form parasequence sets (Van Wagoner et al. 1988). Van Wagoner et al. (1988;
1990) defined a parasequence as a “relatively conformable, genetically related succession of
beds or bedsets bounded by marine-flooding surfaces or their correlative surfaces”.
Parasequences show an upward-coarsening character that, in this study, are readily detected in
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geophysical well logs and form the fundamental building blocks of the Puskwaskau Formation
(Hu and Plint 2009).
Posamentier et al. (1988) expanded the strictly eustatic mechanism of Vail et al. (1977) to
encompass the concept of relative sea-level change, a combination of both eustatic and tectonic
(i.e. subsidence or uplift) effects. Fluctuations in relative sea-level are responsible for the
generation or removal of accommodation (Posamentier et al. 1988). Accommodation, as defined
by Jervey (1988), is the space made available for potential sediment accumulation. The ratio
between the rate of accommodation change and the rate of sediment supply is known as the A/S
ratio (Schlager 1993; Muto and Steel 1997) and is responsible for the stratigraphic stacking
patterns described by Vail et al. (1977; 1988), Posamentier et al. (1988), and Van Wagoner et al.
(1990). Additionally, the A/S ratio controls shoreline trajectories and the generation of key
discontinuity surfaces (Helland-Hansen and Martinsen 1996; Martinsen et al. 1999).
Changes in relative sea level and associated fluctuations in the A/S ratio are illustrated by
a relative sea level curve by which segments of the curve are partitioned into distinct systems
tracts (cf. Catuneanu 2006; Fig. 2.5). A tripartite systems tract model was presented by
Posamentier et al. (1988) and Van Wagoner et al. (1988) and consisted of the highstand systems
tract (HST), the lowstand systems tract (LST), and the transgressive systems tract (TST). Within
the Van Wagoner et al. (1988) model, the HST is characterised by shoreline progradation when
S>A and sea level rise is slow. The model of Van Wagoner et al. (1988) lacked agreement with
the Posamentier et al. (1988) model regarding the end of the HST: Van Wagoner et al. (1988)
placed it at the end of base level fall whereas Posamentier et al. (1988) placed it at the onset of
base level fall. The transition from the HST to LST is characterised by a sequence boundary in
the Van Wagoner et al. (1988) model. The LST is defined by progradation of a seaward-directed
detached wedge or fan. The onset of the TST occurs during relatively rapid sea level rise when
A>S, and a landward shift of facies, coastal onlap, and the filling of valleys with sediment, are
characteristic of the TST. The maximum flooding surface (MFS) corresponds to a time when the
shoreline as at its maximum landward position, and separates sediments deposited during
transgression, from those deposited during regression. The MFS may be represented by facies
indicative of a condensed section, that may comprise concentrations of fossils, organic matter,
authigenic minerals, or the presence of bored firmgrounds (Loutit et al. 1988).
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Figure 2.5 – A) Systems tracts illustrated along a curve. The accommodation (A) and sediment supply
(S) ratio during each systems tract is shown along the curve. B) Sequence stratigraphy as a wheel.
This figure is based on the concepts of Plint and Nummedal (2000).
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A major discrepancy of the early models of the late 1980s was that the falling limb of the
relative sea level curve was assigned to the late HST (Van Wagoner et al. 1988) or to the early
LST (Posamentier et al. 1988). To reconcile this inconsistency, Plint and Nummedal (2000)
proposed the falling stage systems tract (FSST), which is widely accepted as part of a four
systems tract model (Catuneanu 2006; Catuneanu et al. 2009). The beginning of relative sea level
fall marks the onset of the FSST, which is characterised in nearshore areas by the regressive
surface of marine erosion (RSME). The RSME is the result of wave erosion of the inner shelf
as sea level falls and is typically marked by intraclasts and gutter casts (Plint 1988; Plint and
Nummedal 2000). Valley incision may occur during the FSST (Plint and Nummedal 2000; Plint
et al. 2001), whereas in the models of Posamentier et al. (1988) and Van Wagoner et al. (1988),
valley incision was considered part of the LST. Moreover, in the four systems tract model, the
top of the FSST is defined by a sequence boundary, which consists of an updip subaerial
unconformity and a correlative conformity, that is the seafloor at the time of relative sea level
lowstand (i.e. at the base of the LST; Plint and Nummedal 2000). An additional limitation of the
early sequence stratigraphic models of the late 1980s was that they did not distinguish between
progradation that occurred due to regression during slow or steady relative sea level rise, from
progradation that occurred due to relative sea level fall. Progradation due to S>A during slow or
steady relative sea level rise is termed normal regression, and progradation due to
accommodation loss (caused by relative sea level fall or tectonic uplift) is termed forced
regression (Plint 1991; Posamentier et al. 1992; Helland-Hansen and Gjelberg 1994; HellandHansen and Martinsen 1996). In the four systems tract model of Plint and Nummedal (2000),
normal regression occurs during the HST and forced regression occurs during the FSST. Erosive
(sharp)-base shoreface sandbodies in nearshore areas are diagnostic criteria for the FSST (Plint
and Nummedal 2000).
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Chapter 3: Microfabrics and Microfacies of the Puskwaskau
Formation
3.1 Introduction
Prominent Geological Survey of Canada geologist Donald Stott used terms such as
“rusty”, “dark”, “platy”, and “rubbly” to describe mudstone of the Puskwaskau Formation in his
seminal 1967 study. Since then, there have been few studies that have re-visited the classic
outcrops that Stott examined in the 1960’s (see for exception: Hu 1997; Collom 2001; Hu and
Plint 2009). Over the last two decades, more detailed studies of mudrocks have revealed that
ancient ‘shale’ successions can be described using an extensive array of terms that consider the
diverse and complex microstructures of these superficially homogeneous, but in reality, highly
heterogeneous rocks (e.g. Schieber 1999; Macquaker and Adams 2003; Macquaker et al. 2007;
Plint et al. 2012a; Plint 2014; Hart et al. 2013; Konitzer et al. 2014; Li et al. 2015; Birgenheier et
al. 2017; Li and Schieber 2018).
The aim of this chapter is to: 1) provide a general review of the relevant literature on
mudrocks; 2) document the materials and methods used in the microtextural analysis; 3) describe
and interpret the microfabrics at the micrometer-scale; 4) describe and interpret the microfacies
at the millimeter- to centimeter-scale; and lastly, 5) provide a discussion of the origin of shallowmarine shelf mudstone of the Santonian Puskwaskau Formation.
3.2 Literature Review
3.2.1 Cohesive Sediment
3.2.1.1 Clay Minerals

‘Clay’ is a ubiquitous term in sedimentary geology and can be used to describe: 1)
hydrous aluminosilicates that belong to the phyllosilicate group of minerals (Deer et al. 1998); or
2) grain-size – where particle diameters are less than about 4 microns (Wentworth 1922;
Worden and Morad 2003). A pioneer study by Linus Pauling (1930) documented the general
atomic layer structure of clays and subsequently formed the basis for numerous succeeding
investigations. Modern electron microscopy, x-ray diffraction, and differential thermal analysis
have revealed the crystalline arrangement of atomic lattices in clay minerals (van Olphen 1963).
The atomic lattice of most clay minerals consists of two principal structural units: octahedral
sheets and tetrahedral sheets. Octahedral sheets (O) consist of two planes of closely packed
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hydroxyl (OH-) anionic groups in which divalent (e.g. Mg2+) or trivalent (e.g. Al3+) cations are
embedded in octahedral coordination (Grim 1968). Tetrahedral sheets (T) consist of Si/Al
tetrahedrons in which a Si or Al atom is equidistant from four O2- atoms; the tetrahedrons are
arranged to form a continuous hexagonal network (Grim 1968). The octahedral and tetrahedral
sheets are bonded to form TO or TOT layers, also respectively referred to as 1:1 or 2:1 layers; a
reflection of the ratio of tetrahedral to octahedral sheets (Fig. 3.1; van Olphen 1963; Nesse
2000).
Clay minerals are categorized into groups based on their crystal structure and stacking
sequence of TO and TOT layers (Bailey et al. 1971). Four main clay mineral groups are
recognized: the kaolinite, illite, smectite and chlorite groups (Fig. 3.1). Minerals belonging to the
kaolinite group have a 1:1 structure consisting of repeating TO layers with an interlayer spacing
of about 0.7 nm (Nesse 2000). Strong hydrogen bonds permit the vertical stacking of numerous
TO layers in the C-axis direction and a typical kaolinite crystal may be 70 – 100 TO layers thick
(Yong and Warkentin 1975). Some members of the kaolinite group include kaolinite, dickite, and
halloysite (Bailey et al. 1971). The 2:1 group minerals contain repeating TOT layers with either
cations (TOT + cation; e.g. illite and smectite groups) or octahedral sheets (TOT + O; e.g.
chlorite group) occupying the interlayer site (van Olphen 1963; Nesse 2000). A low layer (TOT)
charge and the presence of cations in only approximately one third of interlayer sites allows for
water to easily penetrate between the unit layers (van Olphen 1963; Nesse 2000). As a result of
this crystal attribute, smectite clays are often referred to as ‘expanding’ or ‘swelling’ clays
(Brindley 1952a; Grabowski et al. 2011). Chlorite group minerals contain a layer of
octahedrally-coordinated Mg3(OH)6, or, ‘brucite’, in the interlayer site (van Olphen 1963). Due
to the presence of an octahedral sheet in the interlayer, chlorites have a very high basal spacing
(1.4 nm; Brindley 1952b).
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Figure 3.1 – A summary illustration of the stacking patterns of various clay types. Each row of solid
grey triangles represents a tetrahedral sheet and each solid grey rectangular bar depicts an octahedral
sheet. From Tucker (2001).
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3.2.1.2 Charge Distribution and the Electric Double Layer

Clay particles generally have a spatially non-uniform distribution of electrical charge
whereby a positive charge may develop at edges, sites of defects, and at sites of sorption of
positive ions (Bennett et al. 1991). Typically, however, clay particles generally have a net
negative charge due mainly to isomorphous substitution: a process of substitution of one element
for another in ionic crystals, without a change in the crystal structure (van Olphen 1963). Other
origins for the negative charge distribution on particle faces include lattice imperfections, broken
bonds at the edges of particles, and exposed structural hydroxyls (Swartzen-Allen and Matijević
1974). Strong net negative charges are counterbalanced by cations that are bonded to the clay
particle surfaces; together these opposite charges are referred to as the electric double layer (van
Olphen 1963). The first layer of the double layer is the charge on the surface of the clay particle
and the second layer contains the counter ions and is in the liquid layer adjacent to the clay
particle surface (Tan 1982). The layer of counter ions is often referred to as the ‘diffuse’ or
‘Gouy layer’; this layer has a cation concentration gradient that decreases with distance from the
clay particle surface (van Olphen 1963). The thickness of the Gouy layer is dependent on the
salinity of the bulk solution and the valency of the exchangeable cations (Tan 1982). Higher bulk
water salinity results in a thinner Gouy layer. Moreover, trivalent cations (e.g. Al+3) result in a
thinner Gouy layer than monovalent cations (e.g. Na+).
3.2.1.3 Coagulation and Flocculation

In stable clay suspensions, clay particles regularly collide due to Brownian motion, but
are kept apart due to the repulsive nature of the electric double layer (Shainberg and Levy 1992).
When the forces of repulsion are decreased (e.g. by adding salt), clay particles aggregate together
in a process known as coagulation, or flocculation (Yong and Warkentin 1975; Eisma 1986).
The flocculation of clay particles is attributed to van der Waals attraction forces, and these forces
are most effective at very close distances (~ 20 Å or less; van Olphen 1963; Tan 1982). Clay
particle flocculation may result in three different particle arrangements: face-to-face (F-F), edgeto-face (E-F), and edge-to-edge (E-E) (van Olphen 1963).
Early studies attributed the basinward segregation of clay minerals in marine
environments to the process of differential flocculation (Edzwald et al. 1974; Edzwald and
O’Melia 1975; Thomas and Murray 1989). Differential flocculation is controlled by the ionic
strength of seawater (i.e. aqueous salinity) and clay mineral type (Edzwald and O’Melia 1975).
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The order in which clay minerals flocculate in seawater, is: kaolinite, illite, and smectite
(Worden and Morad 2003). When clay particles have organic or metallic coatings, differential
flocculation becomes less important and the physical sorting of sediment by size, rather than
composition, may be the dominant control for the longitudinal basinward distribution of clay
minerals (Gibbs 1977). Additionally, the types of rocks weathered and eroded in the source area,
the timing of uplift of the source region, and climatic conditions may control the distribution of
clay minerals in marine basins (e.g. Nielsen et al. 2015).
3.2.2 Fluid Flow
3.2.2.1 Flow Rheology

Fluid viscosity is a fundamental parameter that controls fluid rheology (i.e. the flow and
deformation of fluids). Viscosity (𝜇) is described as the ability of a fluid to resist deformation
under an applied shear stress (𝜏). The importance of viscosity is outlined in Newton’s
relationship,

𝜏=𝜇

𝑑𝑢
𝑑𝑦

,

3.1

where 𝜏 is the shear stress, 𝜇 is the dynamic viscosity, which is a measure of a fluid’s resistance
to deformation during flow, and

𝑑𝑢
𝑑𝑦

is the rate of strain manifested as a velocity gradient

perpendicular to the shear direction. Moreover, shear stress is the applied force that produces a
change in velocity (𝑑𝑢) relative to height (𝑑𝑦). Fluids that exhibit no strength and deform
immediately in response to an applied shear stress are called Newtonian fluids (Fig. 3.2; Boggs
2006; Leeder 2011 and references therein). In contrast, non-Newtonian fluids require that a
critical yield stress (𝜏𝑜 ) be exceeded before deformation is initiated (Pierson and Costa 1987;
Coussot 1995). In other words, non-Newtonian fluids exhibit strength. Bingham plastics exhibit
a non-Newtonian rheology and possess measurable mechanical strength; deforming linearly
when a threshold yield stress is exceeded (Fig. 3.2; Gani 2004). In fine-grained slurry mixtures,
the parameters of yield strength and plastic viscosity are extremely sensitive to sediment
concentration (Major and Pierson 1992), whereby the continuous addition of solid particles (i.e.
sediment) to a Newtonian fluid eventually induces plastic behavior (Leeder 2011). Some studies
have suggested that a sediment concentration of as little as 2 to > 4% by volume can induce
plastic behaviour (e.g. Hampton 1975; Baas and Best 2002).
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The addition of clay particles to a dilute (i.e. low concentration of suspended particles)
Newtonian fluid can cause a suspending fluid to acquire a yield strength, and ultimately, nonNewtonian plastic characteristics (Pierson and Costa 1987; Wang et al. 1994). This change in
flow rheology is due to the development of a strong cohesive network of bonded clay particles
that forms because of clay particle clustering (i.e. flocculation; cf. Michaels and Bolger 1962;
van Olphen 1963; Grim 1968; Mitchell et al. 1969; and references therein). The strength of the
network of bonds between clay particles is dependent on the clay mineralogy, water chemistry,
clay concentration, and shear rate (Talling 2013).
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Figure 3.2 – Shear stress (τ) plotted against rate of shear strain (du/dy) for Newtonian fluids and
Bingham plastics. Newtonian fluids exhibit no strength and deform immediately when a shear stress
is applied, whereas Bingham plastics begin to deform only after a critical yield stress (τo) is exceeded.
Note that the rate of shear strain is equivalent to the velocity gradient. See Pierson and Costa (1987);
Gani (2004), and Leeder (2011) and references therein.
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3.2.2.2 Flow Behaviour

In the late nineteenth century, Osborne Reynolds published what is today regarded as a
classical study in the field of fluid dynamics (Reynolds 1883). Reynolds observed the changing
flow pattern within a transparent smooth pipe by injecting colored dye into a steady flow of
water (Fig. 3.3). At low flow velocities, the dye-streaked water flowed continuously straight
extending along the length of the tube. Reynolds described this rather homogeneous fluid motion
as ‘direct’; now known as laminar flow. Laminar flow describes the movement of a fluid that is
smooth and regular. At higher flow velocities, the fluid dispersed into eddies and became
chaotic. Reynolds described this chaotic fluid motion as ‘sinuous’; now known as turbulent
flow (Reynolds 1883; see also Leeder 2011 and references therein). Turbulent flow is chaotic
and irregular and is manifested in the form of eddies. The parameter controlling the transition
between laminar and turbulent flow can be expressed as the dimensionless Reynolds number
(Re), defined as:
𝑅𝑒 =

𝑝𝑑𝑢
𝜇

3.2

where 𝑝 is the fluid density, 𝑑 is the internal diameter of the pipe (or mean flow depth), 𝑢 is the
mean flow speed, and 𝜇 is the molecular viscosity. The transition from laminar to turbulent flow
occurs at Re of ~500 to 2000. The transitional regime between these two flow states is
characterised by a state of transitional flow, whereby turbulence is intermittent and interspersed
by ‘quiescent’ pulses of laminar flow.
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Figure 3.3 – A repetition of Osborne Reynold’s 1883 experiment, using the original apparatus that
Reynold’s designed and constructed. Flow is from left to right. A) laminar flow; B) transitional flow
(arrows mark the development of turbulent eddies); C and D) fully turbulent flow. From van Dyke
(1982). Original photographs were captured by sources cited in van Dyke (1982).

31
3.2.2.3 The Effect of Clay on Flow Structure

Expanding on the work of Baas and Best (2002), experiments by Baas et al. (2009)
revealed systematic changes in flow structure and turbulence modulation with an increase in clay
concentration. At low clay concentrations, a turbulent flow with a logarithmic velocity profile
was present above the bed (Fig. 3.4a). With the addition of clay to the flow, turbulence became
modulated and the viscous sublayer was thickened at the bed. Moreover, thickening of the
viscous sublayer was accompanied by enhanced turbulence intensity (i.e. increased RMS(u’)
values) throughout the entire flow depth (Fig. 3.4b). This stage of turbulence enhancement was
termed ‘turbulence-enhanced transitional flow’. The source of turbulence enhancement was
reasoned to result from shear-induced Kelvin-Helmholtz instabilities at the boundary between
the lower viscous sublayer and the overriding flow. Kelvin-Helmholtz instabilities are a type of
flow instability that is produced by two different layers moving at different speeds (cf. Drazin
and Reid 1984). An increase in clay concentration revealed the formation of a plug flow region
in which the velocity profile was invariant with depth and turbulence within the plug was
practically non-existent (Fig. 3.4c). This region of plug flow extended down from the water
surface and was the result of the formation of a concentrated cohesive network of clay bonds.
Baas et al. (2009) termed this primary stage of plug flow development ‘lower transitional plug
flow’. In lower transitional plug flows, turbulence enhancement persists near the bed through the
same means as for the turbulence-enhanced transitional flow. Baas and Best (2002) and Baas et
al. (2009) recognized a distinct ‘saw-tooth-shaped’ velocity profile during these stages of
turbulence enhancement. Moreover, the velocity time series of these clay-laden transitional flows
revealed “saw-tooth”-shaped velocity fluctuations with a periodicity of up to 10 seconds, near
the top of the shear layer. As clay concentration increased further, the region of plug flow
continued to thicken downward towards the bed, resulting in the attenuation of turbulence, both
near the bed, and in the outer flow (Fig. 3.4d). In this ‘upper transitional plug flow’ turbulent
forces are progressively suppressed by cohesive forces (i.e. viscosity and yield strength). At the
highest clay concentrations, a rigid plug, in which the velocity profile is invariant with depth, is
separated from the bed by a thin basal shear zone in which minimal turbulence exists (Fig. 3.4e).
Baas et al. (2009) termed this final flow stage ‘quasi-laminar plug flow’.
With the results of Baas and Best (2002) and Baas et al. (2009) in mind, several
subsequent studies examined the dynamics of bedform development under clay-laden flows (e.g.
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Baas and Best 2008; Baas et al. 2011; 2013; 2016). To date, there have been few studies that
have applied the experimental results of Baas et al. (2009) to interpret flow behaviour from
ancient mudrock strata (see exceptions: Sumner et al. 2009; Mackay and Dalrymple 2011; Kane
and Pontén 2012; Plint 2014; Hovikoski et al. 2016).
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Figure 3.4 – Simple schematic of turbulent,
transitional, and quasi-laminar plug flows over a
flat bed. Typical velocity time-series at various
heights within the flow are provided on the lefthand side of each illustration. From Baas et al.
(2011).
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3.2.3 Sediment Transport on Continental Shelves

Continental shelves are recognized globally in all climatic belts, and constitute a broad,
shallow-water, gently sloping (~0.05°) subaqueous surface that borders most modern-day
continents (Helland-Hansen et al. 2012). Epicontinental shelves are semi-enclosed basins that
extend into continental interiors (Nittrouer and Wright 1994). The Upper Cretaceous part of the
Western Canada Foreland Basin sedimentary succession represents an ancient epicontinental
shelf system that has been described geometrically as a low-gradient ‘ramp’ that lacked a
rollover point (cf. Varban and Plint 2008a; Plint et al. 2012a; Grifi et al. 2013; Buckley et al.
2016).
An understanding of how terrigenous sediment is transported across continental shelves
is fundamental in coupling the fluvial and marine realms in a source-to-sink sedimentary system
(cf. Falcini et al. 2012; Helland-Hansen et al. 2016). Rivers account for approximately 95% of
the total sediment flux to oceans and most of this flux is carried as suspended load (Syvitski
2003). Upon entering the coastal sea, river-borne sediment load is prone to: 1) deposition
immediately seaward of the river mouth (cf. Wright and Nittrouer 1995; Pratson et al. 2007); 2)
distribution along and across the shelf by contemporaneous storm-induced wave and current
action (cf. Swift et al. 1986; Snedden et al. 1988; Duke et al. 1991); 3) spread offshore and
alongshore as a sediment-laden buoyant ‘hypopycnal’ plume (cf. Curtin and Legeckis 1986;
Nemec 1995); 4) plunge to the seafloor and continue seaward as a gravity-driven ‘hyperpycnal’
sediment plume (cf. Wright et al. 1988; Mulder and Syvitski 1995; Mulder et al. 2003); or 5) be
dispersed offshore by wave-supported sediment gravity flows (cf. Traykovski et al. 2000). An
overview of these processes and their associated deposits is provided below.
3.2.3.1 Storm Sedimentation

Water waves are periodic undulations of the air-water interface that develop when wind
blows over a body of water (Greenwood 2003). When waves propagate over a sedimentary bed,
such as the sea floor, a distinct wave boundary layer develops. The wave boundary layer is a
thin layer of water just above the seafloor in which surface gravity waves stir up sediment for
subsequent lateral transport (Sana and Tanaka 2007). During storms, onshore winds direct a
build-up of surface water landward, resulting in a near-shore region of high hydraulic pressure
and the development of an across-shore hydraulic pressure gradient (Fig. 3.5; Duke 1990). A
near-bottom and seaward-directed relaxation flow develops in consequence of the hydraulic
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pressure gradient and which is deflected by Coriolis force, to the right (in the northern
Hemisphere), resulting in a coast-parallel to coast-oblique geostrophic flow (Fig. 3.5; cf. Swift et
al. 1986; Duke 1990; Plint 2010). The unidirectional (geostrophic) flow is superimposed on an
oscillatory flow, forming a combined flow (Duke 1990), that is very effective in transporting
sediment along- and offshore (Plint 2010).
The hydrodynamics of storms are implicit in facies models for shallow-marine storm- and
wave-dominated systems (cf. Plint 2010). At the bed scale, the depositional product of storms is
recorded in the rock record as storm event beds, or, ‘tempestites’ (sensu Ager 1974). A single
tempestite generally consists of an erosive base with a graded succession of grain sizes and
depositional structures (Seilacher and Aigner 1991). Although these sedimentological features
are also shared with the deposits of turbidity currents (i.e. ‘turbidites’), there are several
characteristics that distinguish tempestites from other types of sedimentary event beds (Einsele
and Seilacher 1991). Typically, the bases of tempestites are sharp and contain sole marks that
include tool and scour marks (e.g., Arnott 1993; Beukes 1996). Sole marks commonly include
pot and gutter casts (e.g. Aigner 1985; Myrow 1992a; 1992b; Myrow and Southard 1996; Collins
et al. 2017), and less commonly, flute marks (e.g. Beukes 1996). Gutter casts may occur in a
range of geometries and most commonly are filled with wave-generated stratification (cf. Myrow
1992a; Collins et al. 2017). Wave ripple cross-lamination (e.g. de Raaf et al. 1977) and planar or
low-angle lamination (e.g. Aigner 1985; Arnott 1993) are common features of storm event beds
that form under purely oscillatory to combined flows (cf. Arnott and Southard 1990; Duke et al.
1991; Dumas et al. 2005). Hummocky and swaley cross-stratification are characteristic
sedimentary structures of tempestites that have been widely reported in the storm-dominated
shallow-marine sedimentary record (e.g. Leckie and Walker 1982; Leckie and Krystinik 1989;
Shank and Plint 2013). Moreover, hummocky and swaley cross-stratification have been shown
experimentally to form under oscillatory-dominated combined flows (cf. Dumas et al. 2005;
Dumas and Arnott 2006).
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Figure 3.5 – Characteristics of a storm-driven shelf system. Landward-directed surface waves create a
coastal set-up, which generates a hydraulic pressure gradient that drives bottom waters seaward.
Coriolis force deflects the flow progressively to the right (in northern hemisphere, left in southern
hemisphere) resulting in a coast-parallel to coast-oblique geostrophic flow. The unidirectional
geostrophic flow works in combination with the stronger, wave-driven oscillatory flow to drive the
along- and offshore migration of sand through the process of combined flow. From Plint (2010).

37
3.2.3.2 Buoyant Suspension Plumes

A study of the effects of jet flow on delta formation by Bates (1953) and Bates and
Freeman (1953) led to the classification of three types of flow evolution (Fig. 3.6), based on the
density contrasts between the river flow (pf) and the ambient fluid (pw): (1) homopycnal flow if
pf=pw; (2) hypopycnal flow if pf<pw; and (3) hyperpycnal flow if pf>pw.
Hypopycnal flows develop when the turbid river water is less dense than the receiving
ambient fluid, and hence float on the surface (Bates 1953). Moreover, hypopycnal plumes are
driven by the momentum of the river-discharge and the buoyancy of the plume is strengthened
by the loss of suspended sediment through deposition (Orton and Reading 1993). A continuous
‘rain’ of fine silt and clay occurs in the water column beneath sediment-laden hypopycnal
plumes (cf. Nemec 1995). Studies of modern marine shelf environments have shown that
flocculation is an important process for increasing the rate of removal (i.e. settling rate) of fine
sediment from plumes (cf. Syvitski et al. 1995; Hill et al. 2000; Milligan et al. 2007).
Additionally, rapid sedimentation from hypopycnal plumes has been demonstrated
experimentally by the process of convective sedimentation in the form of ‘sediment fingers’ (cf.
Parsons et al. 2001; McCool and Parsons 2004). In these experiments, a convective instability
initiated across the density interface between the plume and ambient fluid and sedimentation was
interpreted to lead to the development of a highly concentrated bottom-hugging gravity flow (i.e.
a hyperpycnal flow). Warrick et al. (2008) measured near-bed turbidity and salinity in flows off
the mouth of the Santa Clara River in California after a river flood and observed the development
of a hyperpycnal plume along the seabed within hours of peak discharge. Furthermore, Warrick
et al. (2008) suspected that sediment settling purely by flocs (at a settling rate of ~1 mm/s) could
not explain the observed hyperpycnal plume and concluded that rapid settling may be explained
by convective sedimentation. However, to date, observations have not presented field evidence
that demonstrates the occurrence of convective sedimentation through an instability process
(Snyder and Hsu 2011).
A hyperpycnal flow is a negatively buoyant plume that flows along the seafloor due to
density greater than that of the ambient fluid (Mulder and Syvitski 1995). Hyperpycnal flows
generated at a river mouth have a plunge region that represents the zone where sediment-laden
river fluid (i.e. open-channel flow) transforms into a density-driven current (i.e. hyperpycnal
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flow; Kassem and Imran 2001). The plunge region is unique to hyperpycnal flows that develop
into turbidity currents. Moreover, the plunge depth, location, and subsequent evolution of the
current is affected by factors such as flow Richardson and Reynolds numbers and the bottom
slope of the basin (cf. Mulder et al. 2003). The critical concentration required for plunging is
~35 – 45 kg m-3 (Mulder and Syvitski 1995), however, sediment concentrations as low as 1 kg
m-3 have been suggested to lead to convective sedimentation and subsequent development to
hyperpycnal flow (cf. Parsons et al. 2001). Mulder and Syvitski (1995) published a statistical
analysis of 147 rivers that collectively accounted for 65% of the global particle load carried by
rivers. These authors showed that hyperpycnal flows are most likely to occur downstream of
small- and medium-sized rivers (average annual discharge <~300 m3/s), particularly, sedimentladen ‘dirty’ rivers that are located in humid, tectonically-active mountainous terrains. Most
large rivers with an annual discharge greater than 500 m3/s can not generate hyperpycnal flow
due to the considerable volume of water that dilutes particle concentration, as well as the fact
that much of the sediment load is trapped in coastal plains (Mulder and Syvitski 1995; Mulder et
al. 2003).
The term ‘hyperpycnite’ was proposed by Mulder et al. (2002) to separate hyperpycnal
(turbidity current) deposits from failure-related turbidite beds (Fig. 3.7). In an attempt to identify
beds that were derived from hyperpycnal flows, Mulder et al. (2001) examined the Var turbidite
system in the northwest Mediterranean and revealed that sedimentary successions could be
described and interpreted as a function of the magnitude of the flood at the river mouth. These
authors recognized inversely- and normally-graded units that they interpreted as waxing and
waning river flood conditions, respectively. An erosional surface separating the basal
coarsening-upward unit from the fining-upward unit was interpreted as representing peak river
flood discharge (Fig. 3.7). Increasingly high levels of river discharge were interpreted to have
resulted in less preservation and a more distinctive erosional contact with the overlying
normally-graded unit. Mulder et al. (2003) suggested that a complete hyperpycnite encompasses
stacked inversely- and normally-graded units, and that the occurrence of inverse-to-normal
grading might be one of the diagnostic features of river-generated hyperpycnites (cf. Kneller and
McCaffrey 2003). Best et al. (2005) proposed that the complex microstratigraphy of
hyperpycnites might not simply be a consequence of waxing and waning flood discharge, but
instead record temporally- and spatially-varying bed shear stress due to velocity pulsing within
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Figure 3.6 – Types of density flows defined on the basis of density of flow (pf) with the density of
ambient fluid (pw). A) Homopycnal flow if pw = pf. B) Hypopycnal flow if pf < pw; and hyperpycnal
flow if pf > pw. From Mulder and Alexander (2001).
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Figure 3.7 – Facies successions deposited as a function of the magnitude of a flood at a river mouth.
1) Low-magnitude flood. Failure-induced turbidity currents are generated when the maximum
discharge is less than the critical discharge to produce a river-sourced hyperpycnal flow. 2) Lowmagnitude flood with a maximum discharge that is greater than the critical discharge needed to
produce a hyperpycnal flow. An idealized hyperpycnite with a lower inversely graded unit and a
normally graded unit. The lower, inversely graded unit is deposited during the ‘waxing’ part of the
flow and the upper, normally graded unit is deposited during flow ‘waning’. 3) Mid-magnitude flood
with an identical succession to (2), but with coarser grains and a thicker succession. 4) Highmagnitude flood with a similar succession to (3) and coarser grains. Note the ‘intrasequence erosional
contact’ between the inversely and normally graded units. This erosional contact develops during
peak flood conditions. From Mulder et al. (2001).
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the density-driven flow. Since inception of the term, ‘hyperpycnites’ have been inferred in
ancient deposits of river-fed density-driven flows (e.g. Zavala et al. 2006; Soyinka and Slatt
2008; Bhattacharya and MacEachern 2009; Plint 2014; Wilson and Schieber 2014; Harazim and
McIllroy 2015; Li et al. 2015).
3.2.3.3 Wave-Supported Sediment Gravity Flows

By studying the Amazon subaqueous delta, Sternberg et al. (1996) recognized that
gravity-driven transport of mud on shelves was often associated with waves. This landmark
study was among the first to associate gravity-driven transport of mud on shelves with the
occurrence of strong waves and currents. Following the work of Sternberg et al. (1996), studies
of modern marine shelf environments have shown that a combination of wave energy and gravity
can maintain dense sediment flows along and across the shelf, even on shelves that are of too low
gradient to maintain auto-suspending currents (Friedrichs and Wright 2004). This major
discovery in continental shelf research resulted in a new class of sediment gravity flows, referred
to as wave-supported sediment gravity flows (Traykovski et al. 2007), wave-generated
oscillatory flows (Syvitski et al. 2007), or more recently, wave-enhanced sediment gravity
flows (WESGFs; Macquaker et al. 2010a).
Hyperpycnal turbidity currents are ‘auto-suspending’ flows in which sufficient turbulence
is generated to maintain the sediment in suspension, and provides the horizontal pressure
gradient to drive the flow down-gradient (Middleton 1993). Wave-supported sediment gravity
flows are similar to hyperpycnal turbidity currents to the extent that upward-directed turbulence
provides the sediment support mechanism. However, in wave-supported sediment gravity flows,
the energy required to maintain silt and clay in suspension is provided by the orbital motion of
surface gravity waves (Friedrichs and Wright 2004). In other words, turbulence is generated by
shear within the wave boundary layer (Fig. 3.8; cf. Wright et al. 2001; Lamb et al. 2004a). High
density flows within the wave boundary layer generally remain decoupled from the overlying
water column and are not easily susceptible to steering by overlying currents (Macquaker et al.
2010). An exception to this is Ekman veering, a momentum balance for the Coriolis force, the
horizontal pressure gradient, and the vertical shear stress, which has been observed to deflect
WESGFs in the southern hemisphere (Perlin et al. 2007; Ma et al. 2008).
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Macquaker et al. (2010a) proposed that deposition from a WESGF would produce a
diagnostic ‘triplet’ succession encompassing a lower, sharp-based rippled sand, overlain by
parallel laminated silt and clay, and an upper structureless mud. Schieber (2011a AAPG) showed
that he produced the “triplet” succession that Macquaker et al. (2010a) deemed diagnostic for
WESGFs, under conditions of low suspended mud concentration in an advective open-channel
flow flume experiment. Moreover, Wilson and Schieber (2014) and Schieber (2016) emphasized
the unpublished results of Schieber (2011a AAPG) whereby a triplet succession was produced
under continuous or decelerating flows of muddy suspensions with significantly lower sediment
concentrations than the 10 g/L threshold for fluid muds. However, at the time of this thesis, the
sedimentological community has not been presented with published evidence of these findings.
Plint (2014) interpreted WESGF deposits from mudrocks of allomember G of the lower to
middle Cenomanian Dunvegan alloformation. Plint recognized four mudstone microfacies,
which from base to top, are: rippled or structureless well-sorted coarse to medium-grained
siltstone, silt-streaked claystone, structureless silty claystone, and clay-rich mudstone. Angiel
(2013) interpreted similar microfacies like Plint (2014) in a microtextural study of the Lower
Cenomanian Fish Scales Alloformation.
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Figure 3.8 – A schematic illustration of a steady, uniform, wave-enhanced sediment gravity flow of
thickness h (also corresponding to the upper limit of the wave boundary layer) and depth-varying
concentration c’, moving across a continental shelf of slope θ. The maximum velocity (Umax) is due to
a combination of wave orbital velocity (Uw), along-shelf current magnitude (vc), and the speed of the
gravity current (ug). From Wright et al. (2001).
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3.2.3.4 Fluid Muds and the Associated Lutocline

Previously-deposited continental shelf mud is prone to re-suspension by surface gravity
waves during storms, resulting in the formation of a near-bed suspension of fluid mud (e.g.
Ogston et al. 2000; Traykovski et al. 2000; 2007; Hill et al. 2007; Hale and Ogston 2015). Fluid
mud layers are thin (~5 cm) near-bed, high-density suspensions (suspended mud concentrations
> ~ 10 g/L) consisting of clay, silt, fine sand, and organic matter (Fig. 3.9; Kämpf and Myrow
2014). In exceptional cases, fluid mud layers may be of the order of several meters thick (e.g. up
to 7.25 m thick in the Amazon continental shelf, cf. Kineke et al. 1996). Due to the relatively
high suspended sediment concentrations within fluid mud layers, turbulence is effectively
dampened (Ross and Mehta 1989) and the fluid develops a highly viscous and/or a nonNewtonian rheology (cf. Dalrymple and Liu 1978). Fluid mud layers may form in a range of
environments in which near-bed suspended mud concentrations are elevated. These
environments include lakes (e.g. McAnally et al. 2007), tidally-influenced estuaries (e.g. Kirby
and Parker 1983; Traykovski et al. 2004), storm-dominated continental shelves (e.g. Traykovski
et al. 2000; Trowbridge and Kineke 1994), to even the abyssal depths of the ocean (e.g. Sumner
et al. 2012; Talling 2013; Ito et al. 2014). Although fluid mud is a highly concentrated part of a
flow, its density is only slightly higher than that of water, making it difficult to detect and
measure (McAnally et al. 2007).
When a significant amount of suspended sediment is confined near the bed, a pronounced
sharp concentration gradient develops, called a lutocline (Ross and Mehta 1989). A lutocline is
the boundary between two layers of comparatively high and low sediment concentration, and the
identification of the lutocline suggests the presence of a near-bed high density suspension (i.e.
fluid mud layer; Hamilton et al. 1998; Ozdemir et al. 2011). In WESGFs, the mass concentration
of suspended sediment is measured below the lutocline, which coincides with the top of the wave
boundary layer (Fig. 3.8; Friedrichs and Wright 2004). As sediment concentration beneath the
lutocline builds up, the strength of the fluid mud layer increases as clay flocs form a strong
space-filling particle framework (cf. Winterwerp 2002). Grain settling, and consequentially,
grain segregation, may become ‘hindered’ as the particle concentration increases and the particle
framework becomes stronger, until ultimately, the concentration reaches a state of ‘gelling’,
which is defined as the change from a water-supporting system to a sediment-supporting system
(cf. Kämpf and Myrow 2014).
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Figure 3.9 – Fine-grained sediment suspended by tidal activity, Blue Beach, Nova Scotia. Although
the particle concentration of this flow is unknown, a fluid mud would consist of a suspended mud
concentration > 10 g/L and would be expected to appear similar to the “muddy” part of the flow in
this image.
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Fluid mud deposits generally display an absence of bioturbation, grading, or lamination,
and typically contain “floating” grains of fine to very fine sand (cf. Bhattacharya and
MacEachern 2009; Ichaso and Dalrymple 2009; Mackay and Dalrymple 2011; Plint 2014;
Hovikoski et al. 2016). A number of studies have highlighted fluid mud deposits from a range of
environments in the rock record. For example, in a study of Paleogene lacustrine strata,
Hovikoski et al. (2016) suggested density-driven fluid muds were responsible for emplacement
of structureless silty mudstone beds with dispersed fine sand grains and bed thicknesses of ~ 1
up to a few cm. In a study of the Lower Jurassic Tilje Formation, Ichaso and Dalrymple (2009)
interpreted channel bottom fluid mud layers from homogeneous mudstones, some of which were
up to 15 cm thick. These authors also interpreted fluid mud deposits from sharp-based weaklylaminated to homogeneous mudstone layers 0.5 – 3 cm thick that occurred immediately on top of
erosively-based storm beds containing hummocky cross-stratification. Furthermore, Ichaso and
Dalrymple (2009) proposed that a bed thickness guideline of ‘> ~5 mm’ be used in the
recognition of fluid-mud deposits. However, in a study of Cenomanian-aged prodelta mudstones,
Plint (2014) interpreted fluid mud deposits in mudstone beds thinner than the ‘> ~5 mm’
guideline of Ichaso and Dalrymple (2009). These bed thickness discrepancies reinforce the
notion that each sediment transport event is temporally and spatially distinct and that deposition
of the final sedimentary product may result in a range of bed thicknesses which is ultimately
dependent on a complex hydrodynamic feedback between the flow, the bed, and sediment in
transport (e.g. Best 1993).
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3.3 Materials and Methods
Samples were collected for microtextural analysis from four outcrop localities in the
Rocky Mountain Foothills in Alberta and a drill core in north-central Alberta.
The Smoky River section is located northeast of Grand Prairie and was described,
measured and sampled in August of 2013. To avoid sampling heavily weathered rock, the
outcrop face was cleaned and excavated several decimeters in the horizontal dimension
(perpendicular to bedding). A steel electrical junction box was then hammered into a smooth and
clean outcrop surface. Samples of ‘box core’ were then carefully excavated, oriented, and taped
to maintain sample integrity during transportation. In total, 19 box cores were collected from the
Smoky River Site. In the laboratory, samples were thoroughly dried and then impregnated with a
low-viscosity resin. The resin transformed the soft, fragile mudrock into a hardened block that
became less susceptible to degradation during sawing (Figure 3.10). The steel sides of the
electrical junction box were sawed off using a diamond saw running without lubrication, and the
remaining mud block was cut into perpendicular slices from which 38 oriented large-sized thin
sections (~7 cm x 4 cm) were obtained.
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Figure 3.10 – Resin-impregnated samples of ‘box core’.
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Sampling of the Cutpick Hill section was completed in the summer of 2010 for the
purpose of carbon isotopic analysis. Representative samples were selected from the bottom,
middle, and top of each allomember of the Puskwaskau Formation and were prepared for
electron microscopic analysis. Larger mudstone chips were made into large thin sections.
The Burnt Timber Creek and Highwood River outcrops were visited in the summer of
2015. Both of these sections are located several hundreds of kilometers away from the more
northern sections of Cutpick Hill and Smoky River. Mudstone of the Burnt Timber Creek and
Highwood River outcrops were too lithified for sampling by the ‘box core’ method described
above. Fortunately, classic conventional tools were available (a hammer and chisel) and used to
excavate large blocks of mudstone from the section with at least one fresh surface with minor
visible weathering.
Centimetre-scale mudstone chips representative of each microfacies were selected for
scanning electron microscopy (SEM) analysis. Mudstone chips were polished and then coated
with carbon to prevent surface charging by the electron beam. Under the electron microscope,
grains and cements of unknown composition were identified using x-ray energy dispersive
spectrometry (EDS). SEM and EDS were completed at the Earth and Planetary Materials
Analysis (EPMA) Laboratory and Zircon and Accessory Phase Laboratory (ZAP-LAB) at The
University of Western Ontario.
The mudstone classification nomenclature proposed by Lazar et al. (2015) is used for the
classification of microfacies in this study (Fig. 3.11). The Lazar et al. (2015) classification
scheme uses ‘mudstone’ as a generic name for all fine-grained sedimentary rocks. Grain size
forms the root term of the rock name which is then modified by a prefix that may be a
description of bedding, composition, and grain origin. In this study, a single bed may consist of
several sedimentary units that reflect specific flow processes. These sedimentary units will be
referred to as microfacies (see subsequent section, below). The pore classification scheme of
Loucks et al. (2012) was used in the description of pore types.
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Figure 3.11 – Nomenclature guidelines for fine-grained rocks on a ternary diagram with percent sand,
coarse mud, and fine mud as end-members. Re-drawn from Lazar et al. (2015).
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3.4 The Microfabric and Microfacies Concept
The term microfabric is used to refer to the spatial distribution of particles and particleto-particle relationships in a rock (Bennett et al. 1991). Microfabric features include the
orientation and packing arrangements of clay mineral particles and framework grains, pore types,
compaction effects, cement constituents, and the distribution of organic material (Fig. 3.12).
These features are best identified by electron microscopy and are recognized at a nanometer- to
micrometer-scale.
The use of the term microfacies was first proposed by Brown (1943) who suggested its
use as a simple way to express the characteristics of sedimentary rocks identified in thin section.
The term ‘microfacies’ is used to refer to all the sedimentological and paleontological criteria
which can be classified in thin section (Flügel 1978). Moreover, a microfacies can be viewed as a
distinctive rock type with unique characteristics (i.e. facies), identified at a thin section-scale
(cm- to sub-mm-scale). In the study of fine-grained siliciclastics, microfacies are the result of a
repeated pattern of microfabric, and are distinguished on the basis of grain size, stratification
style and composition (Fig. 3.12). An identification of microfacies is required to develop an
understanding of: 1) the physical mechanisms of fine-grained sediment dispersal and deposition;
2) how these hydrodynamic processes relate to regional paleogeography, paleobathymetry,
seafloor gradients, regional circulation, and climate; 3) the biological contribution to
sedimentation; and 4) how these sedimentological characteristics fit in a sequence stratigraphic
framework.
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Figure 3.12 – Hierarchal organization of features identifiable under thin section, their defining
characteristics, and observable scale.
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3.5 Microfabrics of the Puskwaskau Formation
3.5.1 Description of Clay Particles, Aggregates, and Framework Grains

Electron microscopy revealed that fundamental clay mineral particles (inherently of a
sub-micron-scale) are organized into larger aggregates at three different scales. At the smallest
scale, clay mineral particles are packaged into domains that are 0.5 to 1 μm in diameter (Fig.
3.13). Sub-micron-size domains are packaged into ‘face-face aggregates’ that are 1 to 5 μm in
diameter (Fig. 3.13). Face-face aggregates are organized into larger ‘intraclastic aggregates’ that
are approximately 5 to 10 μm in diameter (Figs. 3.15, 3.16). Exceptionally, larger intraclastic
aggregates up to 70 μm in diameter are encountered (Fig. 3.27d, e). Intraclastic aggregates
consist of tightly packed face-face aggregates, clay- to fine silt-size quartz, and organic matter.
Although intraclastic aggregates are visibly tightly packed with respect to their internal
constituents, there appears to have remained considerable microporosity between aggregate
constituents. Most intraclastic aggregates display a high sphericity.
Framework grains consist mostly of very fine to coarse silt-size quartz, feldspar,
muscovite and rock fragments. Sand-size detrital grains are not uncommon in some microfacies.
In transmitted light, quartz grains are sub-angular to rounded, and the degree of sphericity
increases with rounding. Mica flakes have well-developed cleavage planes and are distinguished
in SEM by a high backscatter coefficient, relative to the surrounding matrix. It is common for
mica flakes to display grain shrinkage (due to sample shrinking and drying) and sometimes
brittle fracturing. Rock fragments (i.e. lithoclasts) consist mostly of mudrock and granite, and a
variety of unidentifiable igneous and metamorphic rocks (Fig. 3.14). Typically, rock fragments
have a high backscatter coefficient when compared to the surrounding matrix. The grain
constituents of mudrock lithic fragments (e.g. face-face aggregates and quartz silt) typically have
a strong internal alignment, whereas the constituents of intraclastic aggregates are usually
randomly oriented. Accessory minerals constituting framework grains include apatite, zircon,
biotite, rutile, and staurolite. Other framework grains consist of bioclastic debris (carbonate sand
and mollusk shells) and phosphatic intraclasts and dominate the grain assemblage in an
anomalous section in the Highwood River outcrop section (see microfacies 10).
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Figure 3.13 – Domains 0.5 to 1 µm in diametre are packaged into approximately parallel stacks,
forming ‘face-face (FF) aggregates that are 1 to 5 µm in diametre; Qtz – quartz. Cutpick Hill section,
35 m. Sample is not oriented (younging direction is unknown).
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Figure 3.14 – Examples of rock fragments. All images are backscattered electron micrographs. A)
Very fine sand-size claystone lithoclast, Smoky River section, 7 m. B) Detail of ‘A’. Note: clay
aggregates that constitute this lithoclast are aligned parallel to the long axis (in a 2D view) of the
grain. C) Possibly a siltstone lithoclast. Quartz (Q) and mica (M) grains are slightly welded together,
however, original grain boundaries are distinguishable. This rock fragment shows intraparticle pores,
which would not be expected for an igneous lithoclast; Highwood River section, 100 m. D) An
?igneous rock fragment. Quartz and zircon (Z) are cemented together, Cutpick Hill section, 9 m.
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(next page)
Figure 3.15 – Examples of intraclastic aggregates. All images are backscattered electron
micrographs. A) A coarse silt-size intraclastic aggregate (outlined by yellow arrows) in a
carbonaceous fine to medium mudstone; Core (16-4-63-8W5, depth: 728.4 m). Note the
random alignment of FF aggregates within the intraclastic aggregate. Intraparticle pores are
significant (white arrows). B) A medium silt-size intraclastic aggregate in a carbonaceous
fine to medium mudstone (outlined by yellow arrows); Smoky River section, 42 m. Note
intraparticle organic matter (red arrow) and intraparticle pores (white arrows). C)
Intraparticle aggregate (outlined by yellow arrows) in a sample of strongly bioturbated fine to
medium mudstone; Core (16-4-63-8W5, depth: 726.65 m). Note the random alignment of FF
aggregates within the intraclastic aggregates. Q = quartz; Py = pyrite. White arrows indicate
intraparticle porosity. D) A fine silt-size intraclastic aggregate (outlined by yellow arrows) in
a sample of parallel-laminated fine to coarse mudstone; condensed section, Highwood River.
E) Intraclastic aggregates (dashed lines); Cutpick Hill section, 56 m. Red arrows indicate
authigenic pyrite. F) Intraclastic aggregate; Cutpick Hill section, 56 m.
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Figure 3.16 – Examples of intraclastic aggregates (IAs) in a cross-laminated medium to coarse
mudstone; Smoky River section, 36 m. All images are vertical sections. A) Silt-size intraclastic
aggregates (outlined) in a silt-rich lamina of a ripple. B) IAs (yellow arrows) in a clay-rich lamina of a
ripple. Note the well-rounded texture of the right-sided IA. Also note the fractured mica grain (red
arrow) adjacent to the overlying IA. C) Photomicrograph showing detail of a ripple. Intraclastic
aggregates are dispersed throughout both the silt- and clay-dominated laminae (arrows).
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3.5.2 Description of Organic Matter, Phosphatic Material, and Fecal Components

Organic matter is ubiquitous in the Puskwaskau Formation, although the amount is
extremely variable. Organic matter is present in three forms: 1) amorphous organic matter; 2)
discrete fragments of organic matter; and 3) organomineralic aggregates. Amorphous organic
matter exists as a structureless and homogeneous mass that is disseminated within the mudstone
matrix and is present within fecal pellets. Discrete fragments of organic matter consist of marine
algal structures and terrestrial wood and range in size from ~ 10 μm to > 600 μm (Figs. 3.17e,f,
3.18). Fragments of terrestrial wood have sharply defined arcuate edges and many wood
fragments have retained a well-preserved cellular network of tracheids (Fig. 3.18).
Organomineralic aggregates consist of intimate mixtures of organic matter, silt and clay (Fig.
3.17a-d). Organomineralic aggregates are differentiated from the former two types of
carbonaceous detritus on the basis of their ‘packaging’ with detrital silicate minerals.
Coccolith-rich fecal pellets constitute an important grain component and consist of
intimate mixtures of coccoliths, organic matter, and pyrite (Figs. 3.19, 3.20). Coccoliths are of a
sub-micron-scale, fragmented and have a random orientation within the pellets. Amongst the
coccoliths, there exists some structureless euhedral to subhedral calcite cement. Micro- and
nano-scale masses of amorphous organic matter are dispersed throughout pellets. Framboidal
pyrite is identified within some of the pellets and is pervasive in the surrounding matrix. Pellets
are typically enclosed by envelopes of clay minerals and organic matter. Some pellets contain a
relatively thick (2-5 μm) organic coating (Figs. 3.19b, 3.20d-f). In transmitted light, coccolithrich pellets have a distinctively crystalline appearance and occur in a range of “autumn colours”
– highly birefringent shades of red, orange, and yellow. Pellets are on average 130 μm in length
(min: 14 μm; max: 600 μm; n = 167), have a broadly elliptical to fusiform shape, diffuse edges,
and are aligned parallel to bedding. An examination in horizontal section reveals that pellets are
most commonly circular, and occasionally irregular, in form.
3.5.3 Grain Orientation and Packing

Deformation of ductile organic particles adjacent to rigid framework grains and early
authigenic cement crystals has resulted in a fabric that conforms to the grain or crystal geometry.
Most organic particles and bioclastic grains exhibit a bedding-parallel orientation. Additionally,
most silicate minerals exhibit a preferred orientation in which their long axis (in a 2D view) is
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Figure 3.17 – Examples of marine organic matter. Image A is a photomicrograph taken in planepolarized light. Images B to F are SEM images. A) Detail of carbonaceous fine to medium mudstone
(microfacies 7). Microfacies 7 consists of abundant marine (algal) organic matter in the form of single
fragments or organomineralic aggregates; Smoky River section, 42 m. B) and C) Examples of
organomineralic aggregates (outlined). Samples cut perpendicular to bedding. Algal mineral matter is
aggregated with silt-size silicate minerals and clay. Image B from core: 16-04-63-8W5, depth: 728.4
m. Image C from Smoky River section, 42 m. D) A horizontal cut of microfacies 7 that illustrates the
typical fabric of organomineralic aggregates (red arrows) - an intimate mixture of organic matter, clay,
and silt; Smoky River section, 43.5 m. E) and F) Examples of single fragments of algal matter. These
are most probably compacted algal bodies. Image E from the Smoky River section, 43.5 m. Image F
from the Smoky River section, 41 m.
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Figure 3.18 – Examples of terrestrial (wood) organic matter. Images A and B are photomicrographs
taken in plane-polarized light. Images C and D are SEM images. A) A phosphatized wood fragment the tracheids of this wood fragment are filled with authigenic cement. B) A fragment of wood that has
undergone significant replacement by pyrite. C) The tracheids of this wood fragment are completely
filled with pyrite cement. D) A fragment of wood with discrete and sharp arcuate edges. Images A to
C are from the condensed section in the Highwood River section. Image D is from the Cutpick Hill
section, 163 m.
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Figure 3.19 – Image A is a photomicrograph in cross-polarized light. Images B and D are in
backscattered electron mode. Image C in secondary electron mode. A) A magnified view of MF5.
Fecal pellets are highly birefringent due to their calcareous composition. Framboidal pyrite and
organic matter are dispersed around the fecal pellets. B) Detail of a fecal pellet. The pellet contains
fragmented coccoliths and organic matter. Pyrite framboids are found both within the pellet and in the
surrounding matrix. A thin coating of organic matter (red arrows) is concentrated around the pellet.
Evidence for differential compaction (also red arrows) are identified in the surrounding matrix. C) A
detail of a fecal pellet (partially outlined) in a sample cut horizontal to bedding. A discrete fragment of
organic matter occurs in the left in the image. D) A horizontal section of a rounded fecal pellet (yellow
arrows). Finely disseminated pyrite is identified within the pellet and larger framboids are present in
the surrounding matrix. All images from the Smoky River section: A) 39 m; C) to D) 38 m.
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Figure 3.20 – Two types of coccolith-rich fecal pellets, Smoky River section, 38 m. Images A, C, D,
and F are in backscattered electron mode. Images B and E are in secondary electron mode. A) to C)
Detail of part of a relatively large (> 250 µm) fecal pellet that contains abundant fragmented
coccoliths and euhedral to subhedral calcite cement. D) to F) Detail of a fecal pellet that has a thick
organic coating on its outer rim. The organic coating may represent the preservation of a protective
membrane, or “pellicle”. Pellicles are produced through excretion of fecal matter from zooplankton.
Both pellets display considerable porosity. Intraparticle pores contain abundant amorphous organic
matter. Pyrite is ubiquitous in the surrounding matrix.
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oriented sub-parallel to parallel to bedding. In a sample of carbonate-cemented bioclastic
sandstone, coarse silt to very fine sand-size silicate grains and bioclasts are mostly randomly
oriented with respect to bedding. Early cementation has preserved the random orientation of
these framework grains. Moreover, this bioclast-rich sediment is conformably overlain by noncemented laminated mudstone in which silt- to sand-size grains exhibit a preferred beddingparallel orientation. Microfacies in which bioturbation is evident reveal a microfabric in which
particles are randomly oriented.
Very fine sand- to medium silt-size silicate minerals are commonly packed in a fine silt
to clay-rich matrix consisting mostly of FF aggregates, intraclastic aggregates, and silicate
minerals. In some microfacies, clastic and bioclastic components are concentrated in grainsupported. In other cases, framework grains are cemented by authigenic minerals and lack matrix
entirely. Clay particle aggregates are tightly compacted around the boundaries of rigid silt- to
sand-size particles and pyrite framboids.
3.5.4 Pore Types

Visual observation of thousands of SEM images revealed that pores associated with clay
particle aggregates, specifically FF aggregates and intraclastic aggregates, are the most
ubiquitous pore association in mudrocks of the Puskwaskau Formation. Moreover, these pore
types consist of interparticle pores between clay platelets and intraparticle pores between
platelets within clay particle aggregates. Interparticle pores between clay aggregates in a
mudstone are analogous to intergranular pores between sand grains in a sandstone. Intraparticle
porosity exists within kaolinite books in the form of intraplatelet porosity. Intraparticle porosity
is also present as intercrystalline pores within pyrite framboids. Moreover, intraparticle pores are
abundant in carbonate bioclasts and also present in authigenic cements (quartz, calcite, and
dolomite). Authigenic pyrite and kaolinite has filled intraparticle pores in the cleavage planes of
some mica grains. In other cases, biotite and muscovite grains exhibit fracture porosity that is
absent from authigenic cement.
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3.5.5 Interpretation of Grain Microfabric

Clay 'domains' consist of 2 to 3 clay plates in a stacked parallel alignment (Aylmore and
Quirk 1959; Moon 1972) and are considered the fundamental building blocks of clay fabric
(Bennett et al. 1981). Clay plates experience an enhanced particle attraction in marine water due
to an excess of positive ions (van Olphen 1963). Moreover, the binding of clay plates is
facilitated by electrostatic interactions and van der Waals forces (Grabowski et al. 2011). In
initially unconsolidated mud, domains conform to a random spatial arrangement, and with
increasing pressure (i.e. during compaction), domains adopt a preferred orientation and
additional clay plates may be incorporated into each domain (Moon 1972). Post-deposition,
domains re-orient from an edge-to-face to face-to-face arrangement (Bennett et al. 1991).

Several studies have highlighted the ubiquitous presence of face-face aggregates as a
fundamental matrix component in mudstone of the Colorado allogroup (Plint and Macquaker
2013; Plint 2014; Pavan et al. 2016). In a recent study, an examination of experimentally-formed
fluid mud deposits revealed a clay fabric dominated by aggregates of clay particles in face-toface contact (Nishida et al. 2013). Nishida et al. (2013) interpreted the aggregation process to be
the result of van der Waals forces that suppress the repulsive forces of closely-spaced clay
particles, resulting in the formation of face-face aggregates. Kase et al. (2016) observed abundant
aggregates of edge-to-face contact in turbiditic mudstone of a forearc basin succession These
authors attributed the origin of these aggregates to the collision of flocs in turbulent flow.
Additionally, Kase et al. (2016) observed clay aggregates of face-to-face contact in muddy
turbidites and postulated that their deposition took place under fluid mud conditions. To date, the
precise mechanism for face-face aggregate formation remains unknown.

Silt-size intraclastic aggregates are interpreted to represent storm-wave reworking of
previously-deposited and semi-consolidated, cohesive, fine-grained sediment (cf. Plint et al.
2012a; Plint 2014; Plint and Cheadle 2015). Consolidation of the paleo-seafloor resulted in
increased cohesion over seasonal to centennial time scales (cf. Plint et al. 2012a). Moreover,
stabilization and consolidation of the seafloor was enhanced through early chemical compaction
and bonding processes (cf. Plint and Macquaker 2013) and the production of extracellular
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polysaccharide coatings (i.e. ‘biofilms’) by bacteria (cf. Decho 2000; Lundkvist et al. 2007;
Grabowski et al. 2011).
The random orientation of the component FF aggregates within intraclastic aggregates, as
well as the relatively well-preserved intraparticle porosity, suggests that the sediment did not
experience deep burial prior to erosion and re-sedimentation. Intraclastic aggregates in other
Upper Cretaceous successions have been shown to retain these characteristics despite burial
depths in excess of 4000 m (cf. Cheadle 2014). Moreover, the fact that FF aggregates within
intraclastic aggregates have retained their equant form, random orientation, and preserved
intraparticle porosity suggests that these clay aggregates have inherent strength and can resist
mechanical particle reorientation processes that are postulated to arise in flocculated clayey
sediment during burial diagenesis (e.g. Bowles et al. 1969; Bennett et al. 1991).
In rocks of the Puskwaskau Formation, rock fragments (i.e. lithic grains) are less
common than intraclastic aggregates. This relative abundance may be due in part to lithic grain
disintegration during repeated cycles of erosion and deposition along the sediment-transport
pathway. Additionally, a low abundance of rock fragments may be due to chemical degradation
of regolith in the source area (Grantham and Velbel 1988). The intensity of chemical weathering,
and consequential destruction of rock fragments, may be pronounced during periods of
exceptional precipitation in humid tropical climates (cf. Suttner et al. 1981; Grantham and Velbel
1988). The humid and tropical climate of Western Canada during the Late Cretaceous (cf.
Francis and Frakes 1993) may have provided optimal conditions for chemical degradation in the
source region of the continental shelf system. A recent study by Pavan et al. (2016) on mudstone
fabrics of the Kaskapau and Dunvegan alloformations revealed that intraclastic aggregates were
exclusively found in marine mudstone and were absent in samples of freshwater origin.
Furthermore, Pavan et al. (2016) suggested that seawater salinity may have been responsible for
governing the environment-specific distribution of intraclastic aggregates.
Amorphous organic matter disseminated within the mud matrix may be the result of
adhesion of organic matter to clays and silts by sticky extracellular polysaccharides secreted by
microorganisms (Grabowski et al. 2011). Some studies have shown that structureless marine
kerogen can be absorbed or admixed with clays at the time of deposition (cf. Kennedy et al.
2002; Kennedy et al. 2014). Kennedy et al. (2014) described nano-scale occurrences of organic
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carbon intercalated with clay as ‘organo-mineral nanocomposites’. Fragments of organic matter
with sharply defined arcuate edges and/or a preserved cellular structure of tracheids, are
characteristic of terrestrial woody organic matter (cf. Milliken et al. 2013). Aggregates consisting
of clay, silt, and organic matter are interpreted to be organomineralic aggregates (cf. Macquaker
et al. 2010b) that resemble modern day marine snow (cf. Alldredge and Silver 1988). The
organic carbon in organomineralic aggregates is derived from algal material or bacterial coatings
in the water column, that combined with detrital mineral matter, subsequently increasing the
settling rate, and furthermore, the potential for preservation (cf. Alldredge and Silver 1988;
Fowler and Knauer 1986; Shanks 2002). A discussion on the distribution of organic matter in the
study area is provided in Chapter 7.
The shape, size, and composition of the coccolith-rich grains suggests that they are fecal
pellets of marine zooplankton, probably copepods, that fed selectively on coccolithophorids in
the water column (Hattin 1975; Honjo 1976; Turner and Ferrante 1979; Dunbar and Berger
1981; Porter and Robbins 1981; Cuomo and Bartholomew 1991). Although coccoliths are
generally not dissolved or crushed when ingested by copepods (cf. Honjo 1976), fragmentation is
thought to occasionally occur by mechanical breakage during passage of the coccoliths through
the copepods’ mouth or gut (Roth et al. 1975). An abundance of euhedral to subhedral calcite
suggests recrystallization of a previous coccolith structure (Hattin 1975). The poor preservation
of a pristine coccolith form may be due to the breakdown of organic matter during early
diagenesis, which would have released CO2, possibly causing dissolution of the coccolith (Parker
et al. 1983). Dissolution of coccoliths is also a consequence of ingestion by fish, which have
strongly acidic stomachs (Honjo 1976). An organic coating on some of the fecal pellets suggests
that a protective peritrophic membrane has been preserved (cf. Honjo 1976; Turner and Ferrante
1979).
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3.6 Microfacies of the Puskwaskau Formation
Ten microfacies were identified in this study of the Puskwaskau Formation. A description
of each microfacies is followed by an interpretation.
3.6.1 Microfacies 1: Wave-rippled or structureless medium to coarse mudstone

Microfacies 1 ranges from 0.2 to 8 mm thick, with an average thickness of 2.2 mm.
Wave-rippled or structureless medium to coarse mudstone consists of moderately to well sorted
medium to coarse silt-size quartz, feldspar, muscovite, intraclastic aggregates, and lithic grains,
as well as very fine silicate sand (~ 1 to 20 %). Clay and terrestrial organic matter is dispersed
throughout beds of microfacies 1 and very fine to fine sand-size carbonate fragments are
concentrated in the basal region of some beds (Fig. 3.23a). Microfacies 1 is structureless or more
commonly, cross-laminated. Lamina-sets have an external shape that ranges from symmetric
(Figs. 3.21a, 3.24f) to asymmetric (Figs. 3.21b, 3.24e). The internal structure of these crosslaminae consists of form-concordant to form-discordant lamination. Furthermore, many of these
cross-laminae contain low-angle truncation surfaces, and draping and off-shooting laminae (Figs.
3.21b, 3.22b). Draping laminae are rich in clay and organic matter. Single lamina-sets vary
laterally in thickness as cross-laminae display local swelling and pinching (Fig. 3.22a),
conforming to the undulatory “swell and pinch” structural morphology of the de Raaf et al.
(1977) terminology. Most basal contacts are sharp and erosive, however, less common nonerosive undulatory bases do occur (Fig. 3.22c – e). Sharp-based erosive scours exhibit
continuous basal erosion over the width of large (7 cm wide) thin sections, whereas local
examples of erosion consist of flute-like incisions and gutter casts (Fig. 3.23). The geometry of
gutter casts ranges from shallowly U-shaped to steep and stepped with over-hanging sides.
Gutter casts have an infill that is either structureless (Fig. 3.23a, d – e) or wave ripple crosslaminated (Fig. 3.23b) and consists of medium to coarse silt- and very fine sand-size silicate
grains; although some infills contain abundant very fine to fine sand-size carbonate (inoceramid
bivalve) fragments (3.23d). Some gutter casts are carbonate-cemented and the stratification
beneath these gutter casts shows deformational ‘bending’ (Fig. 3.23b). Where undulatory basal
contacts are observed, loading structures that resemble flame structures are present (Fig. 3.22c –
e). Medium to coarse mudstone above these loading structures can either lack stratification or is
cross-laminated. Most commonly, microfacies 1 is gradationally overlain by parallel-laminated
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fine to coarse mudstone (microfacies 2). Microfacies 1 was observed in the Burnt Timber Creek,
Highwood River, and Smoky River outcrop localities.
Interpretation

Scour-and-fill structures and sharp and erosional basal contacts suggest initial erosion of
the seafloor by turbulent bottom currents. Scour-and-fill structures such as flute and gutter casts
are particularly common in storm-influenced, shallow-marine environments (cf. Kreisa 1981;
Aigner 1985; Myrow 1992a;1992b). The erosional incision required to produce gutter casts is
interpreted to have formed under a strong offshore-directed unidirectional flow (Myrow 1992a;
Myrow and Southard 1996). The overlying sediment fill, represented by wave-generated
stratification, is interpreted to have formed under relatively lower velocity combined flows
(Aigner 1985; Myrow 1992b). The ‘bending’ of stratification beneath gutter casts suggests postdepositional deformation due to compaction.
The disparity between ripple morphology and internal stratification, particularly, an
external, generally symmetric outline, and internal form-discordant cross-lamination, draping,
and off-shooting laminae suggest that these structures are wave-ripples (de Raaf et al. 1977)
formed by combined flows (Dumas et al. 2005). Soft-sediment deformation (i.e. loading)
structures, although seldom observed, suggest sinking of rapidly deposited coarse silt into an
underlying unconsolidated soupy seabed (Middleton 2003). The overturned morphology of the
flame structures is a result of shear-induced drag exerted by an overriding current (Kuenen and
Menard 1952). The gradual upward decrease in foreset angle and gradation into parallellaminated fine to coarse mudstone (microfacies 2) suggests that wave-induced turbulence was
hindered by an increase in near-bed suspended sediment concentration.
3.6.2 Microfacies 2: Parallel-laminated fine to coarse mudstone

Parallel-laminated fine to coarse mudstone is of two types: 2a) thinly-laminated fine to
coarse mudstone and 2b) thickly-laminated fine to coarse mudstone.
3.6.2.1 Microfacies 2a: Thinly-laminated fine to coarse mudstone

Microfacies 2a consists of interstratified silt- and clay-rich laminae and forms lamina-sets
ranging from 0.2 to 7 mm, with an average thickness of 2.1 mm. Silt-rich laminae consist mostly
of very fine to coarse silt-size silicate grains with dispersed clay and organic matter (mostly
wood). Clay-rich laminae consist mostly of clay and organic matter with dispersed silt and very
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fine sand. Intraclastic aggregates are dispersed throughout both silt- and clay-rich laminae, and in
some samples, sand-size calcareous fecal pellets are sorted within silt-rich laminae (Figs. 3.27c,
3.28a – b, d).

(next page)
Figure 3.21 – High-resolution thin section scans illustrating examples of microfacies
succession MF1-MF2-MF3-MF4. MF1 - wave-rippled or structureless medium to coarse
mudstone; MF2a - thinly-laminated fine to coarse mudstone; MF2b - thickly-laminated fine
to coarse mudstone; MF3 - structureless medium mudstone; and MF4 - structureless fine
mudstone. Event beds ‘B’ are annotated. A) Highwood River section, 142 m. B) Highwood
River section, 177 m. C) Burnt Timber Creek section, 119 m.
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Figure 3.22 – High-resolution thin section scans illustrating examples of stratification styles
and soft-sediment deformation. A) Wave-rippled medium to coarse mudstone often shows
localized swelling and pinching. Note the abrupt transition from MF1 to MF2a; Highwood
River section, 135 m. B) MF1 showing a well-defined cross-lamination in which the foresets
drape on to a lower set boundary (white arrows). Note the undulating and erosive boundary at
the base of the upper MF1. Also note part of a mollusk valve is situated within the basal MF1
(yellow arrow); Highwood River section, 139 m. C), D), & E) Well-developed soft-sediment
deformation (loading) structures. Note in image E, the clay-rich lamina (yellow arrows) - this
lamina wrapped around the ‘ball’ of medium to coarse silt as it sunk into the liquified
substrate; C - Burnt Timber Creek section, 119 m; D - Highwood River section, 129 m; E Burnt Timber Creek section, 96 m.
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Figure 3.23 – Images ‘A’ to ‘C’ are high-resolution thin-section scans. Images ‘D’ and ‘E’
are photomicrographs: ‘D’ is in plane-polarized light and ‘E’ is in cross-polarized light. A)
Isolated gutter casts (yellow arrows) that have incised into MF2b. The uppermost laminae of
MF2b on the left side of the thin section scan exhibit convolute laminae (annotated). Note
truncation at the top of the convolute laminae. Form-discordant wave-rippled crosslamination define MF1 near the top of the succession; Highwood River section, 135 m. B)
Gutter casts filled with wave-rippled medium to coarse mudstone (MF1). Note the
overhanging side of the gutter cast on the left and the steep-stepped wall on the right side of
the gutter cast on the right (yellow arrows). The underlying parallel-laminae show
compaction due to deformation (white arrows); Highwood River section, 186 m. C) Thicklylaminated fine to coarse mudstone sharply overlain by low-angle ripple cross-lamination of
MF1. MF1 is marked at the base by micro-gutter casts (arrowed). Note the sharp onset of siltrich parallel-laminae of MF2a at the top of the succession (black broken line); Highwood
River section, 142 m. D) A U-shaped gutter cast filled with sand-size carbonate fragments
and silt-size silicate minerals. A thin overhanging and laterally discontinuous ‘wall’ (sensu
Whitaker 1973) extends across the width of the thin section. Some of the poorly-segregated
laminae of MF2b exhibit deformation due to compaction (‘bending’) in proximity to the
gutter cast (arrowed). E) A flute-like scour is filled with structureless medium to coarse
mudstone. MF1 is sharply overlain by parallel-laminae of MF2a. D) & E) - Highwood River
section, 135 m.
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Laminae are moderately sorted and are ~ 50 – 300 µm thick; although laminae ~ 8 – 50 µm
occur. Thinly-laminated fine to coarse mudstone is well-segregated with respect to grain size
caliber (i.e. clay or silt) of the sediment and the transition between individual silt and clay lamina
within a lamina-set is sharp (Figs. 3.24a, d – f, 3.25a – d). Moreover, the stratification style can
be classified as: (1) even and parallel; or (2) discontinuous, even, and parallel (sensu Campbell
1967). The lateral continuity of a single silt-rich lamina is variable across the width of a thin
section and ranges from laterally extensive, extending across the entire width, to a discontinuous
lens. Laminae within lamina-sets may vary laterally in thickness by several 10s to 100s of µm. In
some cases, the lower laminae of a lamina-set consist of relatively thick silt laminae with thin
clay and organic interlayers, and sharply transition vertically into relatively thick clay- and
organic-rich laminae with thin silt interlayers, of the upper lamina-set. Within this type of
rapidly-alternating style of stratification, coarse silt and very fine sand are dispersed within both
the silt- and clay-rich laminae, and in rare cases, fine sand occurs within the clay-rich laminae.
Microfacies 2a is most commonly sharply overlain by either microfacies 1 (Figs. 3.21a, 3.22,
3.23a, 3.24b) or microfacies 3 (Figs. 3.21c, 3.22c – d), and less commonly, gradationally by
microfacies 2b (Figs. 3.21a, 3.25d). Occasionally, when thinly-laminated fine to coarse
mudstone overlies wave rippled medium to coarse mudstone, the parallel laminae of MF2a
exhibit an upward increase in both thickness and silt content (Fig. 3.24f). In samples at the top of
the Smoky River section, microfacies 2a contains calcareous fecal pellets when overlying
microfacies 5 (coccolith-pellet-rich medium mudstone). Microfacies 2a was observed in the
Burnt Timber Creek, Highwood River, and Smoky River outcrop localities.
Interpretation

The segregation of silt and clay into interstratified parallel laminae suggests sorting on
the basis of particle bulk density, size and shape, in which dense, large grains are deposited
together, and relatively light, smaller grains deposit together (Whiting 1996). A greater
abundance of clay compared to microfacies 1 suggests more clay was deposited from the flow,
possibly due to a decrease in velocity and associated near-bed turbulence during flow waning.
The gradual decrease in foreset angle and gradation from wave rippled medium to coarse
mudstone into parallel-laminated fine to coarse mudstone suggests that wave ripple development
was hindered as clay concentration increased in the flow. This transition may mark the change

77

from turbulent to transitional flow (cf. Wang and Plate 1996; Lowe and Guy 2000; Baas and
Best 2002; 2008; Baas et al. 2009).
The well-segregated parallel-laminae of microfacies 2a are interpreted to have deposited
under turbulence-enhanced transitional flow and/or lower transitional plug flow (sensu Baas et
al. 2009). The flow structure and hydrodynamic behavior of turbulence-modulated flows may
explain the segregation of silt- and clay-size sediment into respective laminae. In the experiments
of Baas and Best (2002) and Baas et al. (2009), periodic pulses of turbulence, with a periodicity
of up to 10 seconds, were observed to have been shed near the top of a high basal shear layer.
Periods of rapid flow acceleration corresponded to inrushes of high velocity fluid towards the
bed, and were followed by relatively longer periods of flow deceleration. Moreover, high
velocity fluid shed towards the bed during periods of flow acceleration may have entrained noncohesive silt, and in some cases, very fine sand, into the near-bed region, where silt-size
sediment migrated down flow as bedload (Fig. 3.26a). Subsequent periods of flow deceleration
may have allowed cohesive clay and organic material to settle onto the bed. It is these alternating
periods of flow acceleration and deceleration that are interpreted to be responsible for the grain
caliber sorting process (cf. Baas and Best 2002) and ultimately, the origin of the well-segregated
thinly- and parallel-laminated fine to coarse mudstone (Fig. 3.26a). Furthermore, the process of
silt and clay couplet generation is interpreted to have repeated temporally on the order of several
sub-seconds to seconds.
Two plausible explanations have been suggested to explain the sharp transition from siltto clay-dominated laminae: (1) most of the coarse sediment (detrital silt and sand) was depleted
from the flow; and/or (2) pulses of velocity fluctuations, and therefore turbulence, ceased to
generate critical bed shear stresses, possibly in response to flow waning, or in response to
thickening of a region of plug flow due to an increase in clay concentration. The sharp bi-partite
nature of the silt- and clay-rich laminae suggests the transition in flow character was rapid,
because a gradually waning flow would probably produce a more gradationally-graded deposit.
Laterally discontinuous silt-rich parallel-laminae may be the result of a low abundance of
relatively coarse-grained sediment in the flow, and can be interpreted as starved ‘fronts’ of
migrating bedload. Alternatively, discontinuous silt-rich parallel-laminae may be the result of
short-lived bursts of traction transport related to periodic flow-induced turbulence by Kelvin-
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Helmholtz instabilities (cf. Baas and Best 2002). Moreover, a flow instability with a periodicity
and scale insufficient to generate sufficient turbulence that can support the bedload transport of
silt, will ultimately lead to a laterally discontinuous deposit. Laterally discontinuous clay-rich
parallel-laminae may be the consequence of high turbulence maintaining the relatively lowdensity clay particle aggregates in suspension which inhibited settling to the bed. The presence
of organic matter in clay-rich laminae is probably due to clay adhering to the sticky fragments of
organic matter.
Other origins for the parallel lamination include the depositional sorting process proposed
by Stow and Bowen (1978; 1980) or the multiple bursting-cycle mechanism of Hesse and
Chough (1980).
3.6.2.2 Microfacies 2b: Thickly-laminated fine to coarse mudstone

Microfacies 2b consists of interstratified silt- and clay-rich laminae that form lamina-sets
ranging from 1 to 12 mm, with an average thickness of 3.5 mm. Lamina are typically ~ 300 –
700 µm thick and the grain size sorting of silt and clay into grain-segregated laminae is poor in
comparison with the thinly-laminated microfacies, MF2a. The contact between silt-rich and an
overlying clay-rich lamina is not sharp as in MF2a, but rather, gradational (Figs. 3.23a, c – e,
3.25c – f). Moreover, silt-rich laminae of microfacies 2b often exhibit a crude normal grading
and diffusely transition into overlying clay laminae (Fig. 3.25c – f). Despite the diffuse contact
between silt and clay couplets, thickly-laminated fine to coarse mudstone is evidently even and
parallel (i.e. parallel-laminated) and laterally continuous. It is common for coarse silt and very
fine sand grains to “float” (i.e. situated randomly) within clay-rich laminae. Microfacies 2b either
sharply overlies microfacies 1 or gradationally overlies microfacies 2a. In rare occurrences, the
uppermost laminae of a lamina-set of microfacies 2b are locally recumbently folded
(“overturned”) with erosional truncation at the top of the deformed laminae (Fig. 3.23a).
Interpretation

A less well-developed segregation of detrital silt and clay into size-segregated laminae, in
comparison with microfacies 2a, may be due to an increase in suspended sediment (clay) in the
flow. An increase in clay would result in an increase in fluid density and viscosity, ultimately
decreasing the ability of the flow to effectively segregate grain sizes. A high clay content would
provide the flow with increased cohesive strength, and result in a reduction in the settling rate of
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silt- and sand-size grains (i.e. reduced particle settling, or, ‘hindered settling’; cf. Davies 1968).
This change in settling behaviour may suggest the presence of a relatively thicker plug flow
region of a clay-laden, lower transitional plug flow (cf. Baas et al. 2009). Experiments by Baas et
al. (2011; 2016) revealed that as lower transitional plug flows increased in suspended sediment
concentration, the plug region of flow thickened, and the velocity-time profile at this stage
revealed less pronounced saw-tooth-shaped velocity fluctuations. A reduction in both frequency
and intensity of velocity fluctuations would correspond to reduced turbulence, and ultimately,
would result in a more poorly sorted and grain-segregated (but still laminated) sediment (Fig.
3.26b). The K-H instability-induced velocity fluctuations shed from the base of the plug flow
were sufficient to mobilize and segregate very fine to coarse silt-size grains, as recorded by the
diffuse silt laminae. Alternatively, the diffuse and thick laminae of microfacies 2b may represent
sedimentation under an upper transitional plug flow. However, it is unknown whether the minor,
low-frequency velocity fluctuations that characterize the UTPF stage would be effective in
sorting and segregating the grain sizes into discrete laminae.
Additionally, the comparatively thicker laminae of microfacies 2b (with respect to those
of MF2a) may be due to increased fallout rates. The fact that laminae are subtly graded suggests
that the flow was at least minimally turbulent to allow differential grain settling (Terlaky and
Arnott 2014).
3.6.3 Microfacies 3: Structureless medium mudstone

Microfacies 3 forms layers that range from 0.3 to 8 mm thick, with an average thickness
of 1.7 mm. Structureless medium mudstone lacks stratification and consists of a homogeneous
mixture of mostly clay and very fine to medium silt-size silicate minerals (Figs. 3.31c, 3.22c –
d). Coarse silt- to very fine sand-size grains are dispersed and framboidal pyrite and organic
matter are present. Microfacies 3 has a gradational contact with underlying microfacies 2 and a
sharp contact with overlying microfacies 4 (Fig. 3.27a). Microfacies 3 was observed in the Burnt
Timber Creek, Highwood River, and Smoky River outcrop localities.
Interpretation

A higher proportion of clay relative to the underlying parallel laminae of microfacies 2
suggests an increase in clay-sized sediment in the flow. A higher suspended sediment
concentration (due to the increased clay content) resulted in a complete dampening of turbulence,
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and the grain sorting process by K-H instabilities ceased. An increasingly high suspended
sediment concentration may have resulted in the development of a fluid mud (i.e. suspended mud
concentration of > 10 kg / m-3). Due to the high viscosity and finite internal yield strength of
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Figure 3.24 – Photomicrographs of microfacies succession MF1-MF2-MF3-MF4. Images A,
B, and D to F are taken in plane-polarized light. Image C is taken in cross-polarized light. A)
Wave-rippled medium to coarse mudstone (MF1) overlain by thinly-laminated fine to coarse
mudstone (MF2). The cross- and parallel-laminae show a well-defined segregation of organic
matter from silt-size silicate minerals; Highwood River section, 14 m. B) Thickly-laminated
fine to coarse mudstone (MF2b) shows a scoured top and is overlain by wave-rippled
medium to coarse mudstone; Highwood River section, 142 m. C) Low-angle cross-laminae
of MF1 downlap onto a scoured (erosional) surface and grade vertically into structureless
medium mudstone of MF3. A noticeably sharp contrast in grain size between MF1 and
underlying MF4/MF3; Smoky River section, 26 m. D) The uppermost part of diffusivelysegregated laminae of MF2b are marked by a flute-like scour, and overlain by wave-rippled
medium to coarse mudstone of MF1. MF1 are sharply overlain by well-segregate laminae of
MF2a; Highwood River section, 142 m. E) Well-segregated laminae of MF2a are sharply
overlain by wave-rippled medium to coarse mudstone with an asymmetric geometry.
Parallel-laminae of MF2a passively fill the topography of the wave ripple; Highwood River
section, 135 m. F) Wave-rippled medium to coarse mudstone with a scoured base is sharply
overlain by thinly-laminated fine to coarse mudstone. The silt laminae of these parallellaminae become thicker and siltier upward; Highwood River section, 107 m.

81

82

(next page)
Figure 3.25 – Photomicrographs of microfacies succession MF1-MF2-MF3-MF4. Images ‘A’
to ‘F’ are photomicrographs, ‘A’ to ‘E’ are taken in plane-polarized light and ‘F’ is taken in
cross-polarized light. A) Thinly-laminated fine to coarse mudstone (MF2a). Laminae become
thinner vertically. B) MF2a sharply overlain by MF1. C) Structureless medium mudstone
(MF3) sharply overlain by a thin layer of MF1 that contains abundant carbonate fragments.
MF1 rapidly transitions into MF2a. The parallel laminae of MF2a become thicker and more
diffuse vertically, and appear to transition into thickly-laminated fine to coarse mudstone of
MF2b. D) Thin laminae of MF2a transitioning into MF2b and then back into MF2a. E and F)
Examples of thickly-laminated fine to coarse mudstone. The transition from ‘silt’ to clay’
laminae is diffuse. All images from the Highwood River section: A) 115 m; B) 129 m; C)
135 m; D) 134 m; E) 135 m; F) 142 m.
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Figure 3.26 - Schematic interpretation for the formation of parallel-laminated fine to coarse
mudstone (microfacies 2). An interpreted near-bed velocity-time series based on the
experiments of Baas et al. (2009) is provided beside each illustration. a) Development of
well-segregated thinly- and parallel-laminated fine to coarse mudstone (microfacies 2a).
Periods of rapid flow acceleration (A) correspond to inrushes of high-velocity fluid directed
towards the bed, that allow silt and in some cases, very fine sand to migrate as bedload,
whereas the longer periods of flow deceleration (D) allow clay and organic matter to settle to
the bed, forming clay-rich laminae. These velocity fluctuations are interpreted to be due to
Kelvin-Helmholtz (K-H) instabilities that are shed at the base of the clay-laden, lower
transitional plug flow. Moreover, K-H instabilities allow repeated laminae formation. b)
Development of poorly-segregated, thickly- and parallel-laminated fine to coarse mudstone
(microfacies 2b). As the plug flow thickens, a reduction in both the frequency and intensity
of velocity fluctuations corresponds to reduced turbulence and the deposition of a
comparatively more poorly sorted and grain-segregated sediment. K-H instabilities were still
sufficient to mobilize and segregate silt-size grains. Note the gradational contact from a silt to
an overlying clay lamina. In microfacies 2a, the contact is sharp.

85

86

(next page)
Figure 3.27 – Microfacies succession MF1-MF2-MF3-MF4. Images A and B are
photomicrographs, A is taken in plane-polarized light and B is taken in cross-polarized light.
Images C to F are SEM images. A) Microfacies 3 grading into a relatively finer-grained
microfacies 4. MF4 contains a very fine sand grain that is situated near the top of the bed
(arrowed). MF4 is scoured and overlain by structureless medium to coarse mudstone of MF1;
Smoky River section, 36 m. B) Parallel-laminae of microfacies 2a. Laminae become thinner
and more diffuse vertically and rapidly transition into MF4; Highwood River section, 14 m.
C) Thinly laminated fine to coarse mudstone (MF2a). Note the generally poorly-sorted
texture. Also note the presence of fecal pellets (FP) and wood; Highwood River section, 186
m. D) Moderate to well-sorted fabric of microfacies 1. Note the presence of a very fine sandsize intraclastic aggregate (IA). This IA contains organic matter, clay, and silt-size quartz and
micas. Note also how the grain is squished in between more rigid quartz grains; Burnt
Timber Creek section, 52 m. E) Wave-rippled medium to coarse mudstone that has filled a
gutter cast, Highwood River section. Note the well-sorted fabric and presence of coarse siltto very fine sand-size intraclastic aggregates (outlined); Highwood River section, 186 m. F)
Detail of ‘E’ illustrating the internal fabric of an intraclastic aggregate. Note the abundant
presence of organic matter (arrowed). Q - quartz; CC - calcite cement.
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fluid mud (cf. Mehta 1991; Coussot 1997), grain segregation was strongly inhibited, and gelling
of the fluid mud resulted in a structureless fabric. The cohesive, clay-laden fluid mud probably
had sufficient matrix strength to support relatively dense medium to coarse silt-size quartz and
mica (cf. Baas et al. 2011; Talling et al. 2012). The gradational contact with underlying parallellaminated fine to coarse mudstone may suggest a gradual change in flow structure and turbulence
attenuation, from lower transitional plug flow to upper transitional plug flow (cf. Baas et al.
2009). Alternatively, the ungraded and unstratified nature of microfacies 3 may be characteristic
of a quasi-laminar plug flow stage (cf. Baas et al. 2011).
3.6.4 Microfacies 4: Structureless fine mudstone

Microfacies 4 forms layers ranging from 0.6 to 4 mm thick, with an average thickness of
1.6 mm. Structureless fine mudstone consists of a dense, dark brown unstratified mixture of clay,
organic matter, and very fine silt-size quartz. Rare coarse silt to very fine sand and very rare fine
sand occur as “floating” within the dense clay-rich matrix (Fig. 3.27a). No bioturbation or
sedimentary structures are recognizable in microfacies 4. Microfacies 4 abruptly overlies
microfacies 3 or microfacies 2a, and is sharply overlain by microfacies 1 or microfacies 2a (Figs.
3.31b, 3.24c). Microfacies 4 was observed in the Burnt Timber Creek, Highwood River, and
Smoky River outcrop localities.
Interpretation

Structureless fine mudstone is similar to microfacies 3 by virtue of a lack of stratification.
There are two interpretations for the origin of microfacies 4: 1) represents the upper portion of a
fluid mud flow; or 2) the settling of sediment from suspension after the flow waned and
deposited the fluid mud-rich layer of microfacies 3. Rare very fine sand grains are identified as
“floating” within a matrix of clay, and their position in the bed may be due to inhibited settling
due to the high density and viscosity of the fluid mud (cf. Ross and Mehta 1989; McAnally et al.
2007). In modern energetic environments, relatively coarse-size sediment (e.g. fine sand) tends
to settle rapidly to the bed, but is occasionally entrained into fluid mud, suggesting the
preservation of sand-size sediment in fluid mud deposits is a relatively rare phenomenon
(McAnally et al. 2007). The ungraded and unstratified structure, as well as the presence of very
fine- to fine sand-size floating grains may characterize deposition from a quasi-laminar plug flow
(Baas et al. 2011).
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3.6.5 Microfacies 5: Coccolith-pellet-rich medium mudstone

Microfacies 5 forms massive beds that range from 1.5 to 7 mm thick, with an average bed
thickness of 3.6 mm. Coccolith-pellet-rich medium mudstone consists of a mixture of abundant
coccolith-rich fecal pellets, organomineralic aggregates, fine to medium silt-size quartz, feldspar,
mica, and clay (Fig. 3.28). Typically, a single lamina of medium to coarse silt-sized quartz marks
the base of microfacies 5 (Figs. 3.28b,c,e, 3.28). These thin lags contain pervasive carbonate
cement, abundant phosphatic fish debris, and are typically around 200 μm thick (Fig. 3.29).
Occasionally, thin discontinuous streaks of medium to coarse silt occur within beds of
microfacies 5. Framboidal pyrite is pervasive throughout microfacies 5. Weak to sparse
bioturbation has resulted in the homogenization of some beds (Fig. 3.28a), whereas other beds
lack any evidence of bioturbation. In examples where parallel-laminae of microfacies 2 overlie
microfacies 5, calcareous fecal pellets are present within both silt and clay laminae (Fig. 3.28d).
Microfacies 5 was observed in the Smoky River outcrop.
Interpretation

Thin, single-lamina lags suggest storm-winnowing of the seafloor. Another interpretation
for the lag is that it represents the record of a fluvial flood into the basin; however, the location
of the outcrop (> 250 km offshore) from the estimated paleo-shoreline makes this an unlikely
interpretation. The presence of a thin basal lag and an overlying massive bed of fecal pellet- and
organic-rich sediment suggests a temporal relationship between the supply of terrigenous detritus
and pelagic biogenic sediment. The abundance of calcareous fecal pellets and organomineralic
aggregates suggests that, for at least some period of time, the input of biogenic (autochthonous)
components exceeded that of detrital mineral matter (e.g. quartz and mica). Storm-generated
reworking in the seaway may have caused intense mixing of the water-column, possibly resulting
in an increased supply of nutrients to an otherwise nutrient-deficient water column. Nutrients
(e.g. potassium, nitrogen, phosphorous etc.) may have fueled primary production in the photic
zone (Macquaker et al. 2010b). During times of high productivity, fecal pellets and
organomineralic aggregates were delivered to the seafloor as a continuous sedimentary process
(cf. Macquaker et al. 2010b; Ghadeer and Macquaker 2012). Thin discontinuous streaks of
medium to coarse silt in beds of microfacies 5 suggest slight lateral advection and bedload
transport of silt-size sediment during plankton blooms. In Alberta, these coccolith pellet-rich
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mudstones are part of the First White Speckled Shale, which is in part, correlative to the
Niobrara chalk in the United States (Goodman 1951).

(next page)
Figure 3.28 – Images A - C, high-resolution thin section scans. Images D - E,
photomicrographs all in plane-polarized light. A) & B) Microfacies succession MF5-MF2.
This succession typically consists of a thin basal lag of medium to coarse silt that is overlain
by MF5 and subsequently by MF2. C) A bed of coccolith-pellet-rich medium mudstone
(MF5) is bounded at its base by a discontinuous silt lag. The size of the fecal pellets increases
vertically within the bed. D) A bed of coccolith-pellet-rich medium mudstone is sharply
overlain by parallel-laminated fine to coarse mudstone. Thin discontinuous streaks in the bed
of MF5 may suggest weak lateral advection near the sea bed during fallout of the fecal
matter. E) A thin lag of medium to coarse silt separating two beds of coccolith-pellet-rich
medium mudstone. Note the larger pellets in the bed above the lag, which may suggest a
bloom event distinct from the lower bed. All images from the Smoky River section: A) 38 m;
B) 39 m; C) 38.5 m; D) 38 m; E) 39 m.
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Figure 3.29 – Image A is a photomicrograph taken in plane-polarized light. Images B - E are
micrographs in backscattered electron mode. A) Detail of a quartz-rich lag. These lags are relatively
thin (200 µm-thick) and usually are laterally discontinuous across the width of a thin section; Smoky
River section, 39 m. B) A magnification of (A). The coarse silt-size quartz lag contains pervasive
calcite cement. C) A magnification of part of (B). Cement is of two compositions: calcite (CC) and
ferroan calcite (F-CC). D) Phosphatic fish bone (FB) concentrated in a partially calcite-cemented lag.
Framboidal pyrite is dispersed within the lag and in the over- and underlying beds. E) Phosphatic fish
debris (possibly a fish bone, FB) with faint growth lines. Micron- to sub-micron-size subhedral calcite
cement is found in the matrix around the fish bone. This sub-micron-scale cement is similar in
appearance to the cement found within the fecal pellets, and may have originated from the
recrystallization of coccoliths that were released from their host pellet.
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Framboidal pyrite is indicative of microbially-mediated sulphate reduction of organic matter
during early diagenesis (Berner 1984; 1985). The ubiquity of pyrite, both within fecal pellets and
the surrounding matrix, suggests that the chemistry of the microenvironment within fecal pellets
was similar to the enclosing mineral matrix (Macquaker et al. 2010b). The origin of the calcite
cement is probably due to a long residence time (due to a slow sedimentation rate) that allowed
diffusive mass exchange of Ca2+ and HCO3- into pore waters from overlying sea water (AlRamadan et al. 2005; Morad et al. 2012). Alternatively, Ca2+ and HCO3- ions may have been
sourced from the partial dissolution of calcareous coccoliths in the fecal pellets. The presence of
abundant pyrite in calcite-cemented lags suggests early diagenesis in the bacterial sulphate
reduction (BSR) zone (Berner 1984). The anaerobic oxidation of local concentrations of organic
matter would have resulted in an increase in pore water alkalinity, that promoted carbonate
precipitation (Morad 1998; Wetzel and Allia 2000).
3.6.6 Microfacies 6: Normally graded fine mudstone

Microfacies 6 forms beds that range from 0.5 to 1 mm thick, with an average bed
thickness of 0.8 mm. Normally graded fine mudstone is present near the top of the Smoky River
outcrop succession and consists of normally graded fine mudstone with fine to medium silt in the
basal region that fines upward rapidly to very fine silt and clay (Fig. 3.30b). Basal contacts are
sharp, erosive, and scour on a sub-millimeter-scale. Multiple stacked normally graded beds are
not uncommon (Fig. 3.30b, c). Sub-micron-sized framboidal pyrite and organic matter are
dispersed throughout beds of microfacies 6. Microfacies 6 is interbedded with carbonaceous
mudstone of microfacies 7. Microfacies 6 was observed in the Smoky River outcrop.
Interpretation

The presence of normal grading suggests deposition from a decelerating flow, probably
during the waning of a storm. In the waxing (i.e. accelerating) phase of the storm, erosion of the
seafloor took place and sub-millimeter-scale scours were formed. These topographic lows are
filled in with fine to medium silt-size quartz. As the storm waned, very fine silt and clay formed
the upper part of the bed.
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3.6.7 Microfacies 7: Carbonaceous fine to medium mudstone

Microfacies 7 forms beds that range from 1 to 4 mm thick, with an average bed thickness
of 2.4 mm. Carbonaceous (i.e. organic-rich) fine to medium mudstone is identified near the top
of the Smoky River section and contains abundant organic matter, which in transmitted light
comprises black and reddish flakes and rounded fragments. In SEM, organic matter takes the
form of organomineralic aggregates and discrete fragments (Fig. 3.17). Beds of carbonaceous
mudstone are commonly marked at their base by discontinuous medium- to coarse silt-size lags
(Fig. 3.30a). Fine to medium silt-size quartz is dispersed around the organic matter. Weathered
pyrite framboids are dispersed throughout microfacies 7. Bioturbation ranges from weak to
moderate and is commonly encountered in the top portion of beds (Fig. 3.30a). Clay-filled
burrows are common and contain little to no organic matter (Fig. 3.30d). Microfacies 7 was
observed in the Smoky River outcrop and in core 16-04-63-8W5.
Interpretation

Laterally discontinuous medium to coarse silt lags suggest reworking and winnowing of
the seafloor by bottom currents. Organic matter was probably deposited beneath regions of
productivity in the photic zone (cf. Tyson 1995). Moreover, in the water column, organic matter
was package into larger ‘organomineralic’ aggregates of organic carbon, clay, and silt, which
greatly increased the settling rate to the seafloor (Macquaker et al. 2010b). This organic carbon
aggregation process was probably similar to that of modern day marine snow (cf. Alldredge and
Silver 1988; Turner 2002). A high instantaneous sedimentation rate would have helped protect
the labile organic matter from degradation in the water column (e.g. consumed by organisms or
oxidation). Additionally, upon burial, organic carbon may have been protected from an oxidizing
environment, as pore waters may become anoxic only a few millimeters beneath the sedimentwater interface (cf. Hudson and Martill 1991; Plint et al. 2012a). The presence of thin basal
coarse silt-size lags, coupled with bioturbation in the top portion of beds, suggests that if bottom
water anoxia was present, it was intermittent, and not a permanent condition in the north-central
part of the basin.

95

Figure 3.30: Photomicrographs of microfacies 6 (MF6; normally graded fine mudstone) and
microfacies 7 (MF7; carbonaceous fine to medium mudstone). Images A and D are photomicrographs
in plane-polarized light. Images B and C are photomicrographs in cross-polarized light. Beds of
microfacies 7 commonly contain a lag of coarse silt-size quartz that is overlain by an assemblage of
organic matter, clay, and dispersed fine to medium silt-size quartz. The top part of these beds is
commonly homogenized by bioturbation. B) Microfacies succession MF7-MF6. Carbonaceous fine to
medium mudstone sharply and erosively overlain by normally graded fine mudstone. Sub-millimeterscale scours (arrows) have been filled in with medium to fine silt that grades vertically into very fine
silt and clay. Normally graded fine mudstone suggests deposition from storm-generated waning bottom
currents. C) Microfacies succession MF7-MF6. Two (possibly even 3) stacked beds of MF6 overlie
MF7. The first bed of MF6 has a scoured basal contact (arrows). The contact between MF6 and the
overlying bed of MF7 is sharp, possibly suggesting rapid onset of organic fallout. D) Clay-filled
burrow (arrows) in carbonaceous fine to medium mudstone of MF7. These burrows contain little to no
organic matter and can be several hundred µm in diameter. All images from the Smoky River section:
A) 43.5 m; B) & C) 42 m; D) 43.5 m.
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3.6.8 Microfacies 8: Strongly bioturbated fine to medium mudstone

Microfacies 8 consists of fine to medium mudstone and is composed dominantly of clay
and quartz, with minor muscovite and glauconite. The abundance of silt ranges from 2 to 25 %
and very fine sand is minor (< 5 %). Organic matter is present in the form of wispy amorphous
flakes and circular fragments. Bioturbation is intense, and the texture is severely mottled and
disorganized (Fig. 3.31a – c). Except for rare disturbed coarse silt beds and parallel laminae
(Figs. 3.31a, b, 3.32a), no sedimentary structures or bedding can be identified. Trace fossils
include Phycosiphon incertum, Planolites isp., Skolithos isp., and Thalassinoides isp.
Phycosiphon incertum is pervasive and occurs as a high-density assemblage in microfacies 8. A
coarse silt-filled Thalassinoides with dispersed very fine sand and rare fine sand grains is crosscut by Phycosiphon incertum (Fig. 3.31b). Microfacies 8 was observed in the Burnt Timber
Creek, Highwood River, and Smoky River outcrop localities and in core 16-04-63-8W5.
Interpretation

Intense bioturbation has removed most traces of primary stratification, except for rare
discontinuous coarse silt beds. Abundant fecal strings interpreted to be products of Phycosiphon
incertum may suggest a dysoxic environment (Ekdale and Mason 1988), in which sediment
processers were obtaining nutrients by systematic, selective deposit feeding (Bednarz and
McIllroy 2009). Bottom waters probably were oxic to dysoxic and allowed burrowing organisms
to thrive at the sediment-water interface. Moreover, the dissolved oxygen level of bottom water
necessary to sustain a thriving diversity of burrowing infauna may have been > ~ 5 mg/L (cf.
Dashtgard et al. 2015; Dashtgard and MacEachern 2016).
3.6.9 Microfacies 9: Strongly bioturbated sandy mudstone

Microfacies 9 is the coarsest microfacies in the Smoky River section. Microfacies 9 is
differentiated from microfacies 8 by an abundance of very fine and fine sand-size grains (20 – 50
%) and silt (30 – 50 %). Silt and sand grains are composed mostly of quartz with minor
glauconite and muscovite (Fig. 3.32c). Clay and irregularly-shaped fragments of organic matter
are dispersed throughout microfacies 9. Microfacies 9 is strongly bioturbated and clay-filled
burrows are common. Microfacies 9 was observed in the Burnt Timber Creek, Highwood River
(Fig. 3.31c), and Smoky River outcrop localities and in core 16-04-63-8W5.
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Figure 3.31 – High-resolution thin section scans. A) Strongly bioturbated fine to medium mudstone.
Primary fabrics have been completely disrupted by bioturbation, except for rare bioturbated silt beds
(dotted white line; Ph - Phycosiphon, Sk - Skolithos, and Th - Thalassinoides); Smoky River section, 7
m. B) A coarse silt- to very fine sand-filled burrow of Thalassinoides, cross-cut by what appears to be
Phycosiphon; Smoky River section, 7 m. C) Strongly bioturbated fine to medium mudstone
(microfacies 8); Highwood River section, 38 m. D) Strongly bioturbated sandy mudstone (microfacies
9); Highwood River section, 46 m.
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Figure 3.32 – Images A - C, photomicrographs, all in plane-polarized light. Image D - backscattered
electron micrograph. A) Detail of microfacies 8. A silt bed (dashed line) disrupted by bioturbation.
Silt-size silicate minerals and organic matter are dispersed in the clay-rich matrix; Smoky River
section, 7 m. B) Clay-filled burrows (partially-outlined) in a silty matrix; Smoky River section 7 m. C)
Detail of microfacies 9. Framework grains consist mostly of rounded to sub-rounded very fine sand
size quartz grains with dispersed ?glauconite (Gl). These grains are enclosed in a clayey matrix;
Smoky River section, 10 m. D) Detail of microfacies 8 illustrating a random microfabric. Note the
long axis of the claystone rock fragment (RF), oriented perpendicular to bedding; Smoky River
section, 9 m. Detail of the internal fabric of the claystone is illustrated in Figure 3.14A & B.
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Interpretation

An abundance of very fine sand and a higher silt content than microfacies 8 suggests
deposition in a more proximal environment, closer to the shoreline. Snedden et al. (1988)
reconstructed the very fine sand- and silt-transport patterns of Hurricane Carla (1961). These
authors found that storm-generated shelf flow was required to generate the necessary boundary
shear stress required for the transport of very fine sand and silt. In the Puskwaskau Formation,
storm-generated transport was the probable mechanism responsible for delivering very fine sand
and coarse silt to the basin. The random dispersion of sand grains throughout a homogeneous
clayey matrix suggests post-depositional mixing by burrowing organisms, most probably beneath
bottom waters with dissolved oxygen levels > ~ 5 mg/L (cf. Dashtgard and MacEachern 2016).
3.6.10 Microfacies 10: Bioclastic sandstone

Microfacies 10 is an anomalous 2-m-thick interval in the 283-m-thick Highwood River
outcrop section. Bioclastic material is abundant and consists of mollusk shells that range in
preservation from whole shells to comminuted debris. Mollusk shells consist mostly of oysters
and less commonly inoceramid bivalves (Figs. 3.33, 3.34). In thin section, oyster shells have a
complex microstructure that consists of a combination, or exclusively of: (1) a foliated structure
with bundles of calcite lamellae; and/or (2) a vesicular structure that is composed of diagenetic
sparry calcite (Fig. 3.34b). Borings exist exclusively in shells with a foliated structure (Fig.
3.34c). Fine sand-size carbonate fragments are a major grain component and have a distinctive
polygonal morphology (Fig. 3.34b, e). Detrital coarse silt- to very fine sand-size quartz, feldspar,
and muscovite are sorted with the bioclastic debris. Wood and clay occur together as discrete,
discontinuous sub-millimeter-thick black lamina, or as shell-sheltered sediment, dispersed within
bioclast-rich layers. Wood detritus is either composed of carbon or diagenetic phosphate.
Phosphatic debris is ubiquitous and consists of disarticulated fish debris and phosphatic
intraclasts.
Beds of microfacies 10 scour into underlying mudstone and display subtle to pronounced
normal grading (Fig. 3.33a – b). Some beds are ripple cross-laminated with shell fragments
oriented parallel to the cross-stratification (Fig. 3.33c). Typically, bioclastic sandstone is sharply
overlain by a thin bed of sub-millimeter-scale parallel-laminated fine to coarse mudstone
(microfacies 2). Parallel-laminated mudstone exhibits differential compaction over upward-
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pointing bivalves (Fig. 3.33a), and in cases where microfacies 2 overlies microfacies 10, the
lowermost parallel laminae contain scattered carbonate fragments (Fig. 3.34f). Beds of parallellaminated fine to coarse mudstone are composed of clay aggregates (FF), very fine to medium
silt-size silicate minerals, and fine to medium silt-size intraclastic aggregates.
The diagenetic assemblage of microfacies 10 consists of pyrite, both ferroan and nonferroan varieties of calcite and dolomite, quartz, kaolinite, and several compositional and
morphological varieties of apatite (see Chapter 4). Calcite- and apatite-cemented beddingperpendicular fractures are common in samples at the stratigraphic interval for which microfacies
10 occurs. Although uncommon, some beds of bioclastic sandstone are thoroughly bioturbated.
In outcrop, bioclastic sandstone is sharply overlain by a succession of stratified and graded nonfossiliferous laminated mudstone; however, some of these mudstone beds are punctuated by thin
discontinuous shell pavements. Microfacies 10 was observed in the Highwood River outcrop.
Interpretation

The abundance of intact mollusk shells suggests a benthic molluscan fauna flourished on
the seafloor during a period of colonization. Storm-generated reworking and winnowing resulted
in the fragmentation of some shells (cf. Banerjee and Kidwell 1991; Brett et al. 2008) and a
concentration of sand-size carbonate fragments that were transported within the wave-boundary
layer. The polygonal morphology of the carbonate sand is characteristic of disarticulated and
fragmented prismatic calcite that formed the inner part of inoceramid bivalve (cf. Ludvigson et
al. 1994; Elorza and Garcia-Garmilla 1996; Martin and Fox 2007). The presence of whole
mollusk shells suggests that some shells had experienced minimal transport (cf. Banerjee and
Kidwell 1991). During geologically-continuous storm action, older shells were progressively
degraded to carbonate sand, whereas progressively larger and better-preserved shells were
simply younger. In contrast, sand-sized comminuted shells may be from a more ‘exotic’ source,
probably up-dip on the shelf, that were subjected to longer transport distances, and ultimately,
experienced a greater probability for fragmentation. Alternatively, beds that contain both whole
and comminuted shells may have been sourced from the same local substratum that was
subjected to continuous storm-related winnowing and reworking (cf. Brett et al. 2008). After
cessation of the storm, the shell-rich, and in some cases, mud-rich sediment then provided new
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substratum which was subjected to re-colonization by benthic shelly organisms (cf. Banerjee
Kidwell 1991; Tsujita et al. 2006).
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Figure 3.33 – High-resolution thin section scans of microfacies 10 (bioclastic sandstone); condensed
section, Highwood River. A) Microfacies succession MF10-MF2. A bed of bioclastic sandstone is
sharply overlain by a bed of parallel-laminated fine to coarse mudstone (MF2). Many of the oysters are
oriented oblique to bedding due to early-cementation. B) Detail of microfacies 10. The black thin and
discontinuous laminae are rich in clay and terrestrial (wood) organic matter. C) Ripple cross-laminated
bioclastic sandstone with a gravel-size inoceramid (Inoc.) fragment aligned along the foreset.
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(next page)
Figure 3.34 – Photomicrographs of microfacies succession MF10-MF2. Images ‘A’ to ‘E’ are
taken in plane-polarized light. Image ‘F’ is taken in cross-polarized light. A) Inoceramid
(inoc) and oyster (oy). B) Oysters have a complex internal microstructure that may consist of
a vesicular structure (V), which in this case is filled with diagenetic sparry calcite, and a
foliated structure (F), that is non-parallel to the shell perimeter. C) Bivalve shell with a
boring filled with diagenetic calcite cement (arrowed). The calcite-cemented boring is
traceable out of the shell, into the surrounding matrix. D) Cross-lamellar foliated structure of
a bivalve shell. Carbonate fragments (cf) and silicate minerals surround the bivalves. E)
Phosphatic debris (ph) scattered among molluscan bioclasts. F) Detail of parallel-laminated
fine to coarse mudstone (microfacies 2). Note the carbonate detritus in the lowermost
laminae.
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Beds of bioclastic sandstone are generally characterized by sharp and erosive bases,
crude normal grading, and a mudstone cap of microfacies 2, which suggests initial turbulenceinduced bed erosion, followed by grain-segregated deposition. In some cases, sand-sized silicate
grains and bioclasts were transported in bedload, in the form of ripples, ultimately resulting in a
well-preserved cross-lamination. In modern and ancient shell-rich deposits, these sedimentary
structures are collectively characteristic of storm beds, or, ‘tempestites’ (cf. Specht and Brenner
1979; Aigner 1982; Kreisa and Bamback 1982; Aigner 1985; Fürsich and Oschmann 1993;
Puga-Bernabeu and Aguirre 2017). The moderate to well sorted texture of beds of Microfacies
10 suggests that storm flow was efficient at segregating the transport load, and the general
absence of fine-grained matrix suggests efficient winnowing of clay- and silt-size sediment. An
absence of fine-grained pore-filling clay- and silt-size sediment resulted in a relatively openframework fabric. Moreover, this open-framework allowed for permeating pore-fluids to
precipitate a complex assemblage of early-diagenetic minerals (see Chapter 4). However, in
some examples, the presence of shell-sheltered carbonaceous detritus and clay or discontinuous
sub-millimeter-thick organic-rich lamina within graded bioclastic beds suggests that the stormgenerated winnowing process was at times insufficient to rework and ‘clean’ the sediment (cf.
Banerjee and Kidwell 1991). Seafloor reworking of a previous muddy substrate would have
provided a source for the sheltered mud, ‘pockets’ and the overlying laminated mudstone cap (cf.
Dattilo et al. 2008).
The presence of overlying parallel-laminated fine to coarse mudstone (microfacies 2)
suggests late stage traction transport and grain segregation during the waning of storms. A
rapidly gradational contact is noted between underlying microfacies 10 and overlying
microfacies 2 in which bioclasts continue upward into parallel-laminae. Parallel-laminated fine
to coarse mudstone does not scour into underlying bioclastic sandstone, instead, microfacies 2
passively in-fills the irregular topography provided by the convex- and concave-orientated
bioclasts.
The presence of phosphatized wood suggests: 1) the wood experienced repeated cycles of
sedimentation, phosphogenesis, exhumation and reworking; and/or 2) there was a sufficient
period of time between sedimentation events that allowed complete phosphatic replacement of
the original cellulose. Föllmi (1996) suggested that repeated cycles of rapid burial and
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exhumation could maintain phosphatized particles near the sediment-water interface, permitting
nearly-continuous phosphogenesis. Moreover, the presence of several generations of phosphatic
cements suggests that the sediment experienced multiple phases of burial, phosphogenesis, and
removal (cf. Baturin 1971; Föllmi 1990; Föllmi 1996).
A scarcity of detrital silicates suggests that for some time, this portion of the Foreland
Basin was subjected to sediment starvation with minimal siliciclastic input. The 2-metre-thick
interval that consists of mostly bioclastic sandstone is interpreted to represent a condensed
section (cf. Loutit et al. 1989). A more detailed analysis of condensed sections is provided in
Chapter 7.
3.7 Microfacies Associations
In the studied samples, five microfacies associations were recognized, based on grading
relationships, stratification style, grain size, and grain components. Microfacies associations
include: 1) microfacies succession MF1-MF2-MF3-MF4, 2) microfacies succession MF5-MF2,
3) microfacies succession MF7-MF6, 4) microfacies succession MF10-MF2, and 5) cm-scale
beds of MF8 or MF9.
3.8 Discussion
3.8.1 Microfacies Succession MF1-MF2-MF3-MF4
3.8.1.1 Event Bed Deposition

The presence of well-developed wave ripple cross-lamination, parallel lamination,
erosional and sharp bases, gutter casts, bioclastic lags, and an upward increase in detrital clay
content within beds, suggests deposition from storm-generated combined-flows above storm
wave base (Plint et al. 2012a; Buckley et al. 2016). Collectively, these sedimentary structures are
characteristic of storm event mud beds, or ‘muddy tempestites’ (Einsele and Seilacher 1991;
Aigner 1985). Muddy tempestites have been interpreted from a number of ancient successions
including, for example, the late Jurassic Kimmeridge Clay (Wignall 1989), the late Devonian
Chattanooga Shale (Schieber 1994), the Campanian Mancos Shale (Macquaker et al. 2007), the
Cenomanian-Turonian Kaskapau Formation (Plint et al. 2012a), and the middle Albian Harmon
alloformation (Buckley et al. 2016).
Studies have revealed that tempestites of fine-grained sand are characterized by a vertical
succession of structures, that from base to top include, a sharp or scoured base, planar
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lamination, hummocky cross-stratification, and small wave ripples (Reineck and Singh 1972;
Aigner 1985; Cheel 1991). This idealized succession has been interpreted to form under stormgenerated combined (unidirectional & oscillatory) flows, of which the unidirectional and
oscillatory components fluctuated temporally (cf. Cheel 1991; Duke et al. 1991). Several studies
have suggested that the parallel laminae to combined-flow or wave-generated laminae are
diagnostic features of sandy tempestites (Kreisa 1981; Aigner 1982; Allen 1982; Myrow 1992b).
In tempestites of fine grained sand, the vertical transition from planar lamination to hummocky
cross-stratification, and lastly, to a wave rippled top, records a diminishing unidirectional flow
component, which ultimately resulted in a strongly oscillatory-dominated combined flow to a
purely oscillatory flow (Duke et al. 1991). The wave rippled cap in an idealized sandy tempestite
of fine-grained sand forms under surface waves that diminish as a storm subsides (Cheel and
Leckie 1993); however, a wave rippled cap may also form under subsequent large waves
(Einsele 2000).
Muddy tempestites of the Puskwaskau Formation differ from idealized sandy tempestites
in that the idealized succession of a mud tempestite consists of, from base to top, a sharp or
scoured base, wave-ripple cross-lamination, parallel-lamination, and a structureless mud-rich
layer with ‘floating’ silt- to rare sand-size grains. In muddy tempestites observed in this study,
the transition from microfacies 1 (wave-rippled medium to coarse mudstone) to microfacies 2
(planar-laminated fine to coarse mudstone) suggests that wave ripple development was hindered
by an increase in suspended sediment concentration. Bed form genesis initiated from bed-surface
defects under a combined flow (cf. Perillo et al. 2014) was most probably hindered by clay- and
silt-size sediment that progressively dominated the wave boundary layer during storm reworking of the sea bed. Moreover, the development of wave ripples in fine-grained sediment is a
self-inhibiting process due to the winnowing of clay in the wave boundary layer that temporally
results in an increased suspended sediment concentration (Baas et al. 2014), and eventually, the
cessation of wave ripple formation (microfacies 1) and the transition to the more stable bedform
phase of planar lamination (microfacies 2).
A notable difference between sandy and muddy tempestites is that wave ripple crosslamination is present in the basal layer of a mud tempestite, versus the top of the event bed for a
fine sandstone tempestite. The contrasting sequential order of structures from the base to top of
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beds characterizing sandy and muddy tempestites is probably due to differences in sediment
grain size, fluid viscosity, and proximity to the shore. It is the interaction between grain size,
suspended sediment concentration, and shear stress which controls the sequence of structures in
muddy tempestites. In sandy tempestites, these factors are significant, however, the fluctuating
flow components (unidirectional and oscillatory) of a combined flow serves to control the order
of structures in sandy tempestites.
In microfacies succession MF1-MF2-MF3-MF4, terrestrial debris is distributed
throughout the succession, and the coarsest (silt- to sand-size) fragments of plant material are
most abundant within parallel-laminated mudstone (MF2). An abundance of terrestrial debris is
an indication of deposition in proximity to a river mouth (cf. Collins et al. 2017). Collins et al.
(2017) suggested that during storms, intense precipitation and contemporaneous river discharge
may flush large volumes of terrestrial organic matter to the shore in the form of “storm-floods”
(i.e. storm-, wave-, and fluvial-influenced events). Storm floods and downwelling storm flows
(i.e. geostrophic flow) would serve to re-distribute terrestrial detritus, along with detrital
siliciclastics, in an offshore direction. These offshore-directed storm-driven flows may have been
amplified by storm-flood linked hyperpycnal flows and wave-enhanced sediment gravity flows
(cf. Bhattacharya and MacEachern 2009; Macquaker et al. 2010a; Plint 2014; Collins et al.
2017); however, defining characteristics of hyperpycnites such as inverse grading and
‘intrasequence erosional contacts’, are not observed in the microfacies succession (e.g. Mulder et
al. 2003; Wilson and Schieber 2014). Some microfacies successions of MF1-MF2-MF3-MF4
contain calcareous (coccolith-rich) fecal pellets as well as terrestrial detritus. This co-occurrence
suggests that storm waves re-suspended calcareous fecal pellets from the sea bed, as well as,
perhaps, wood. Wood was most probably transported to the shore during river floods, associated
with high-wave energy storm periods.
In a shallow-marine setting above storm wave base, muddy tempestites occur in a distal
shelf setting, whereas their sandy counterparts form more shore-proximal (Aigner 1985). Einsele
and Seilacher (1991) suggest that muddy tempestites are rarely preserved in proximal shelf
settings because mud is susceptible to resuspension by storms (e.g., Fan et al. 2004), where
geostrophically-balanced flows serve to redistribute mud to deeper, offshore regions of the shelf
(Allen 1985).
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3.8.1.2 Soft-Sediment Deformation, Bed Consolidation, and Erosion

Evidence for soft-sediment deformation exists in the form of load casts and convolute
laminae. Soft-sediment deformation structures suggest that at the time of deposition, the sea bed
consisted of a soft and soupy mud. In the initial phase of wave-induced sediment transport,
relatively dense quartz (p = 2.65 g/cm3), feldspar (p ≈ 2.56 g/cm3), and mica (p ≈ 2.80 g/cm3)
grains of medium to coarse silt-size settled into a bed of soupy mud of smaller-sized and
generally less dense clay particle aggregates (p < 2.65 g/cm3; the bulk density of these
aggregates was probably much less than the particle density due to the porous open framework
and appreciable amounts of intraparticle pore-water). Sinking of these medium to coarse detrital
silt grains was compensated by the buoyant rise of protruding tongues (‘flames’) of mud (cf.
Walton 1956).
Evidence for bed erosion is provided by sharp basal contacts, gutter casts, and basal
incisions which deepen laterally over several centimeters. These erosional structures suggest that
a portion of the sea bed was eroded and entrained. Moreover, the sea bed must have been at least
partially consolidated and cohesive, otherwise syndepositional load structures would have
developed. With time, sea bed erodibility decreases by processes such as microbial binding,
compaction, and early cementation (Seilacher and Aigner 1991).
The presence of medium silt- to very fine sand-size intraclastic aggregates within the
gutter casts, and steep walls of gutter casts, suggests that the sea bed must had been at least
partially cohesive or semi-consolidated at the time of erosion. Intraclasts derived from the sea
bed were reworked and sorted by the high-energy storm flow, and deposited within the gutter
casts. The sediment that comprises gutter cast fills is moderately to well sorted, and the
intraclastic aggregates are the same size as silicate minerals. The internal composition of these
unusually large (cf. Plint 2014) intraclastic aggregates conforms to the general microfabric of
microfacies 3 and 4: quartz in the clay-sized fraction, very fine to fine quartz silt, clay- to siltsize FF aggregates, and organic matter. These microtextural observations and the
microstratigraphic context of intraclastic aggregates within the microfacies succession reinforces
the interpretation of intraclastic aggregates as ‘intraclasts’ of an intrabasinal origin, rather than
lithics (i.e. rock fragments) of an extrabasinal origin (e.g. Schieber and Bennett 2013; Schieber
2015; Schieber 2016).
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3.8.1.3 Grading, Particle Settling, and Grain Segregation

A number of textural observations are interpreted as a consequence of the nature of particle
settling and grain segregation during deposition of these fine-grained rocks. These observations
include:
•

The sub-facies of parallel-laminated fine to coarse mudstone have distinct textural
differences. Thinly-laminated fine to coarse mudstone (microfacies 2a) consists of siltand clay-rich laminae that are well-segregated and moderately to well sorted with respect
to grain size. Moreover, the contact between a single silt lamina and an overlying clay
lamina is sharp. In contrast, thickly-laminated fine to coarse mudstone (microfacies 2b)
consists of comparatively more poorly-segregated and poorly-sorted laminae.
Furthermore, the contact between a silt lamina and an overlying clay lamina is diffuse
and gradational.

•

Some lamina-sets of thinly-laminated fine to coarse mudstone (microfacies 2a) show a
rapid vertical transition from silt- to clay-dominated laminae. Coarse silt to very fine sand
(± rare fine sand) is present within both the silt- and clay-dominated laminae.

•

In rare cases, well-sorted wave rippled medium to coarse mudstone is overlain by a
parallel lamina-set in which silt laminae subtly thicken upward. The maximum grain size
(coarse silt to very fine sand) is present throughout the thickness of the deposit.

•

Beds comprising microfacies succession MF1-MF2-MF3-MF4 exhibit a vertical increase
in clay content throughout the thickness of the succession. ‘Coarse’ grains (medium to
coarse silt ± very fine sand to rare fine sand) are most abundant in the basal divisions of
MF1 and MF2a, and are dispersed throughout the overlying divisions (MF2b to MF4);
with an upward-decrease in the abundance of ‘coarse’ sediment in each division.
Although ‘coarse’ sediment decreases vertically, it remains present throughout the entire
microfacies succession. The basal divisions of the succession (MF1 and MF2a) are
moderately to well sorted and exhibit a well-defined grain-size-segregation. In contrast,
the upper divisions (MF2b, MF3, and MF4) are more poorly-sorted.

These observations suggest that grain size segregation by differential settling was suppressed
(i.e. ‘hindered’; cf. Davies 1968) as clay concentration increased. The well-segregated and
moderate to well sorted texture of microfacies 1 and 2a suggests that the grain-size sorting

111

process was effective within a turbulent bedload layer. In contrast, the relatively thick and more
poorly-sorted laminae of microfacies 2b, suggests that there was a greater amount of mud in
suspension and differential grain-size settling was hindered by an increase in suspended
sediment, which in these rocks, consisted of clay, very fine to fine silt, and organic matter. The
increased concentration of cohesive clay in the suspension was probably controlled by two
factors: 1) due to the small particle size, low particle weight, and low settling velocity of clay,
clay was winnowed from the bedload layer to the upper part of the wave boundary layer; and 2) a
fluid return flow mechanism whereby settling of grains caused an equal volume of interstitial
fluid to be displayed upwards, thereby allowing small and light grains such as clay to accumulate
and concentrate in the upper part of the flow (cf. Amy et al. 2006). At high suspended sediment
concentrations, a strong clay network structure may have formed, and grain size segregation was
suppressed (Davies 1968). The clay-rich suspension may achieve significant matrix strength to
form an extensive interconnected network in which silt- to sand-size grains were unable to settle
to the bed (Winterwerp 2002). This concentration is known as the gelling point (cf. Kämpf and
Myrow 2014).
Studies of mm-scale stratified fine-grained rocks have described vertical increases in laminae
thickness and grain size as a ‘coarsening-upward’ or ‘inverse grading’ (cf. Bhattacharya and
MacEachern 2009; Plint 2014; Wilson and Schieber 2014; Li et al. 2015) and attributed these
grading relationships to hyperpycnal flows that experienced ‘waxing’ flow (cf. Mulder et al.
2003). In mudstone of the Puskwaskau Formation, silt laminae do not ‘coarsen-upward’ or
display ‘inverse grading’, instead silt laminae increase in thickness and the ‘coarsest’ grain size,
albeit in variable amounts, is present in both the lower and upper region of a lamina-set.
Moreover, this trend is restricted to laminae that overlie wave rippled medium to coarse
mudstone. These stratal relationships are interpreted to result from spatio-temporal fluctuations
in flow dynamics, attributable to velocity fluctuations arising from Kelvin-Helmholtz
instabilities, or a similar cyclic instability, at the base of a transitional plug flow (Baas et al.
2009; Hovikoski et al. 2016).
3.8.1.4 Process-Based Depositional Model for Microfacies Succession MF1-MF2-MF3-MF4

1. Initially, a storm-generated flow eroded and entrained the surficial layers of the seafloor.
During this process of seafloor erosion, a highly turbulent oscillatory-dominant
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combined-flow carved numerous gutter-shaped incisions into the sea bed. Wave-induced
turbulence mobilized and suspended sediment within the wave boundary layer and an
initially low sediment concentration in the near-bed region allowed efficient grain sorting
by highly turbulent flow. The erosional incisions that were carved during the initial stage
of seafloor erosion provided local sites of accommodation that were subsequently infilled
with either a structureless or wave ripple cross-laminated sediment. In some cases,
deposition continued above the walls of the scours and into an overlying connected bed.
2. A semi-consolidated cohesive seabed allowed the migration and aggradation of silty
wave ripples. In contrast, an unconsolidated soupy seabed hindered wave ripple genesis
because bed-surface defects were not present, and structureless medium to coarse silt-size
sediment with contemporaneous soft-sediment deformation features was deposited.
Regardless of the nature of deposition of the initial deposit, clay was preferentially
mobilized into suspension and winnowed from the bedload layer.
3. As the storm developed, an increase in suspended sediment concentration (SSC) resulted
in a change in flow structure and the flow regime entered a transitional state. Wave ripple
development in the near-bed region was hindered by the increase in clay content and the
stable bed configuration became plane bed.
4. A region of plug flow developed due to the continued rise in SSC. The base of the plug
flow was characterized by turbulent fluctuations induced by Kelvin-Helmholtz
instabilities. Moreover, these turbulent fluctuations were shed from the base of the plug
flow, and were characterized by alternating periods of acceleration and deceleration,
which fluctuated repeatedly on the time-scale of sub-seconds to several-seconds.
Ultimately, it is these velocity changes that gave rise to thin, well-defined grain-sizesegregated silt- and clay-rich laminae, respectively.
5. With a continued rise in SSC, the plug flow thickened within the wave boundary layer.
The velocity fluctuations that were shed towards the bed from the base of the plug flow
were reduced in their intensity and frequency, and as a result, turbulence was attenuated.
Moreover, the segregation of silt and clay into well-defined thin laminae was altered, and
a more poorly-grain-size-segregated, poorly-sorted, thicker style of lamination developed.
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Although turbulence was suppressed, it must have persisted to some degree as a grainsorting mechanism within the bedload layer, expressed as lamination.
6. As coarser-grained sediment was depleted from the flow by settling, clay was
continuously resuspended to the upper region of the wave boundary layer. Eventually
turbulence was attenuated completely in the near-bed basal high shear zone, and an
overlying laminar plug flow region consisting of fluid mud, deposited structureless mud.
The matrix strength of the fluid mud was able to support coarse silt to very fine sand
grains.
7. As the storm waned, and combined-flow ceased to suspend sediment, late stage settling
of fine suspended sediment took place.

(next page)
Figure 3.35 – Summary schematic for microfacies succession MF1-MF2-MF3-MF4. A
velocity-time series is interpreted near the bed, and is based on the experiments of Baas et al.
(2009). a) Storm-generated combined-flow eroded the seafloor, carving gutter-shaped
incisions into the sea bed. These erosional incisions were subsequently filled with wave
ripple cross-laminated sediment. b) Silty wave ripples migrated and aggraded under turbulent
flow, whereby clay was winnowed from the bedload layer into suspension. c) Due to a rise in
suspended sediment concentration, a plug flow developed, hindering wave ripple
development, and instead, plane bed became the stable bed configuration. Alternating periods
of flow acceleration and deceleration, resulted in well-defined grain-size-segregated silt- and
clay-rich laminae, respectively. d) A thicker plug flow resulted in a reduced frequency and
intensity of velocity fluctations beneath the plug flow, and gave rise to more poorly-grainsize segregated and thicker parallel-laminae. e) A laminar plug flow consisting of fluid mud
developed, under which turbulence was attenuated in the near-bed region. f) As the storm
waned, the fluid mud deposited, and late stage settling of suspended sediment occurred. Refer
to section 3.8.1.4 for a more detailed discussion.
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3.8.2 Microfacies Succession MF5-MF2

Coccolith-pellet-rich medium mudstone (MF5) and parallel-laminated fine to coarse
mudstone (MF2) form a microfacies succession that was observed only near the top of the
Smoky River section. This microfacies succession suggests that two distinct depositional events
took place. The first event consisted of storm-generated reworking and winnowing of the
seafloor that resulted in a concentrated thin lag of medium to coarse silt-size quartz. Storm waves
probably agitated and mixed the water-column and supplied nutrients to a normally nutrient
deficient photic zone. Several days to weeks later, biogenic components such as organomineralic
aggregates and fecal pellets were produced in the surface layers and subsequently settled to the
seafloor. The upper contact between MF5 and MF2 is typically sharp, and occasionally scoured,
suggesting that storm-generated shear stresses were high enough to erode the seafloor. This
relatively high-energy event lead to the second depositional event, whereby erosion of a fecal
pellet- and organic matter-rich substrate supplied fecal pellets and organomineralic aggregates to
a storm-generated geostrophic flow. These organic-rich aggregates were subsequently sorted,
along with silt-size silicate minerals, resulting in parallel-laminations of Microfacies 2. The
presence of fecal pellets and organomineralic aggregates in parallel-laminae of MF2 suggests
that these autochthonous components could move as bedload in traction transport. The organicrich microfacies succession MF5-MF2 formed preferentially in a distal basin setting (~250 km
offshore) because terrigenous siliciclastic detritus was preferentially trapped in the activelysubsiding foredeep to the southwest.
3.8.3 Microfacies Succession MF7-MF6

Microfacies succession MF7-MF6 is present at the top of the Smoky River stratigraphic
section and consists of carbonaceous fine to medium mudstone (MF7) interbedded with
normally-graded fine mudstone (MF6). Microfacies 6 is commonly sharp-based and scours into
beds of carbonaceous fine to medium mudstone of Microfacies 7. These erosional features
suggest that bottom currents removed some organic matter from the sea bed. Rapid burial of
carbonaceous mudstone would have limited the amount of direct exposure to the oxygenated
water column. However, storm-generated flow and deposition of normally graded fine mudstone
would probably have destroyed some of the organic matter when oxidants carried in the detrital
sediment diffused into the underlaying organic-rich sediment. Evidence of bottom currents and
biogenic activity suggests that protracted bottom-water anoxia was less important to organic
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matter preservation than previously assumed (e.g. Demaison and Moore 1980; Demaison 1991;
Wetzel 1991; Wignall and Hallam 1991). Deposition of substantial amounts of organic matter is
typically interpreted to have taken place beneath regions of high primary productivity (cf.
Macquaker et al. 2010b; Ghadeer and Macquaker 2012). In north-central Alberta, carbonaceous
fine to medium mudstone characterizes a regionally-extensive ‘hot shale zone’ of organic
enrichment that is interpreted to have resulted from the preferential trapping of siliciclastics
further to the south-west due to long-term (~700 kyr) flexural subsidence (see Chapter 7).
3.8.4 Microfacies Succession MF10-MF2

Bioclastic sandstone (MF10) and parallel-laminated fine to coarse mudstone (MF2) form
a microfacies succession in which mm-scale beds of MF2 sharply overlie cm-scale beds of
MF10. Beds of MF10 represent event concentrations of primarily carbonate and organic
sediment that were deposited from short-term high-energy storm flows. An abundance of whole
and comminuted shells suggests that between major storms, a colony of oysters and inoceramid
bivalves flourished on the sea bed. Storm-wave reworking of the sea bed resulted in erosion,
fragmentation of mollusc shells, winnowing, reworking, and deposition of bioclastic sandstone.
As the storm waned, the relatively coarse-grained carbonate material settled to the bed to be
overlain by a muddy layer in which the lowermost laminae contain scattered carbonate grains.
This microfacies succession represents a time of maximum siliciclastic starvation and carbonate
enrichment on a flexural arch in southern Alberta that developed in response to flexural
subsidence in northwestern Alberta (see Chapter 7).
3.8.5 Beds composed entirely of MF8 or MF9

Strongly bioturbated fine to medium mudstone (MF8) and strongly bioturbated sandy
mudstone (MF9) are distributed throughout the study area. The controlling factor on the absence
or presence of bioturbation is very probably related to dissolved oxygen levels in the bottom
water. Bottom waters with dissolved oxygen levels > ~5 mg/L have been proposed as necessary
to support a thriving burrowing infauna (cf. Dashtgard and MacEachern 2016).
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Chapter 4: Diagenesis of the Puskwaskau Formation
Diagenesis is defined as the changes that take place in a sediment from the moment of
deposition and last until the resulting materials are either moved into the realm of metamorphism
or become exposed to the effect of atmospheric weathering (Larsen and Chilingar 1979).
Diagenesis encompasses physical and chemical processes that transform unconsolidated
sediments into lithified “hard” rocks (Fairbridge 1967; Milliken 2013). These post-depositional
(i.e. diagenetic) processes include compaction, cementation, dissolution, replacement, and
recrystallization (cf. Worden and Burley 2003). A determination of ancient physical and
chemical processes is key to deciphering the evolution of rock composition and texture, and the
mechanisms by which elements were cycled in the Earth during a period of geologic time
(Milliken 2004). This chapter aims to: (1) provide a general overview of the depth-zonation
model and associated diagenetic processes, (2) document the textural and chemical
characteristics of diagenetic minerals of the Puskwaskau Formation, and (3) propose a
paragenetic sequence and provide a discussion of authigenesis (i.e. in situ mineral growth).
4.1 Background: the depth-zonation model
Beneath the sediment-water interface, pore waters undergo systematic changes in
chemical and isotopic composition in distinct geochemical zones (Morad 1998). With increasing
depth below the sediment-water interface, these zones are the oxic, suboxic, sulphate reduction,
methanogenesis (fermentation), and decarboxylation zones (Fig. 4.1; Curtis 1977; Irwin et al.
1977; Curtis 1978; Froelich et al. 1979; Berner 1981; Curtis 1987). Diagenesis within each of
these zones is primarily related to changes in the concentration of dissolved oxygen in the pore
water (Morad 1996) and systematic changes in pore-water composition that occur with depth
below the sediment-water interface (Fig. 4.2; Sayles and Manheim 1975). The chemical
reactions that occur in each zone control the style of diagenetic alteration therein (Curtis 1978).
In the oxic zone, oxygen is consumed by the decay of organic matter (e.g. acetic acid;
CH3COOH), in the general equation:
CH3 COOH + 2O2 → 2HCO3− + H +

4.1
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Figure 4.1 – A simplified scheme of geochemical zones and their typical characteristics. Modified
after Morad (1996) from which the ideas are mainly after Irwin et al. 1977; Froelich et al. 1979; and
Berner 1981. Some equations from Konhauser (2007).
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Figure 4.2 – A simplified scheme representing pore water concentrations of common electron
acceptors and reaction products with increasing depth below the sediment-water interface; form. =
formation; redn. = reduction. Re-drawn and modified after Emerson and Hedges (2003).
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In equation 4.1, organic matter is oxidized by aerobic bacteria that use oxygen as a respiratory
oxidant. Curtis (1978) describes the oxic zone as a veneer separating oxygenated bottom waters
from underlying reducing sediments. In pore waters that are depleted in dissolved oxygen,
oxidation will proceed in three successively deeper geochemical subzones that together define
the suboxic zone: (1) nitrate reduction to N2, (2) manganese reduction to Mn2+(aq), and (3) iron
reduction to Fe2+(aq) (Morad 1998). Diffusive supply from overlying depositional waters is not
required for manganese or iron reduction because the oxidants (Mn4+ and Fe3+, respectively) are
buried with the sediment as insoluble detrital oxide-hydroxides (Coleman 1985). In the nitrate
reduction zone, nitrate diffuses downwards from depositional waters to be reduced to nitrogen.
In the manganese reduction zone, manganese oxides oxidize organic matter, releasing dissolved
Mn2+ to pore water. In the iron reduction zone, organic matter is oxidized by ferric (Fe3+) oxides
to produce ferrous (Fe2+) iron. A discrete separation of these three geochemical subzones may
develop in depositional settings with sufficiently slow water exchange rates and low organic
contents that, together, allow oxidants to be consumed over a large depth range (Froelich et al.
1979). In contrast, rapidly-buried organic-rich sediment will lack a discrete suboxic zone
because the diffusive supply of oxidants from the water column cannot satisfy the demand of the
organic matter (i.e. reductants) required for the geochemical redox reactions (cf. Coleman 1985).
Successive burial or exhaustion of oxidants in the oxic or suboxic zones will lead to the
development of a sulphate reduction zone. Within the sulphate reduction zone, oxygen-free (i.e.
anoxic) conditions prevail and anaerobic bacteria oxidize organic matter to reduce interstitial
seawater sulphate (SO2−
4 ), in the general equation:
−
CH3 COOH + SO2−
4 → 2HCO3 + H2 S

4.2

Hydrogen sulphide (H2S, or HS-) generated as a by-product of equation 4.2 may either migrate
upwards to an oxygenated interface where it is oxidized back to sulphate, or react with ironbearing minerals, principally leading to the formation of pyrite (FeS2; Berner 1985). The
principal chemical reactions outlining the formation of pyrite are:
Fe2+ + H2 S → FeS + 2H +

4.3

FeS + H2 S → FeS2 + H2

4.4
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The iron monosulphide phase in equation 4.3 is commonly mackinawite, an unstable
mineral that in the presence of excess hydrogen sulphide, is ultimately transformed into pyrite
(Berner 1981; Berner 1984; Rickard and Luther 2007). Two varieties of morphologically distinct
pyrite are common during early diagenesis: (1) pyrite ‘framboids’ or ‘framboidal’ pyrite, which
are spheroidal aggregates of micron-sized crystals (e.g. Love 1957; 1967), and (2) micron-sized
euhedral crystals (e.g. Raiswell 1982; Passier et al. 1997). Framboidal pyrite is associated with
organic matter and forms in subsequent sequence from iron monosulphides (Berner 1984),
whereas euhedral pyrite forms in spatial association with iron oxide minerals (Taylor and
Macquaker 2011).
The lower limit of the sulphate reduction zone is determined by the maximum downward
diffusive penetration of sulphate (Irwin et al. 1977). Insufficient levels of dissolved sulphate
allow for the development of a bacterial fermentation or methanogenesis zone (Curtis 1977).
The boundary between the sulphate and methanogenesis zones is usually very abrupt (Clayton
1994). There are two distinct metabolic processes that define the methanogenesis zone:
CH3 COOH → CH4 + CO2

4.5

CO2 + 4H2 → CH4 + H2 O

4.6

The first process (Eq. 4.5) involves fermentation of simple organic substrates to methane and
carbon dioxide. The second process (Eq. 4.6) utilizes hydrogen to reduce carbon dioxide. Iron
reduction also occurs in conjunction with these bicarbonate- and methane-producing reactions
(Coleman 1985). Due to the absence of sulphide species in the methanogenesis zones, dissolved
ferrous iron concentrations can accumulate and react with bicarbonate to form iron-rich
carbonates (Curtis 1978). Moreover, ferroan dolomite may precipitate in response to elevated
ferrous iron concentrations and negligible sulphate; sulphate is an inhibitor to dolomite
nucleation (Baker and Kastner 1981; Coleman 1985). Other high iron carbonate products that
form in the methanogenesis zone include siderite (Gautier 1982; Bojanowski and Clarkson
2012), ferroan calcite (Morad 1998), and ankerite (Curtis 1977).
The fermentation process is most common in freshwater environments (e.g. Whiticar et
al. 1986) and the carbon dioxide reduction process is most common in marine environments
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(Clayton 1994). The methane produced in both of these processes has a limited solubility in pore
waters that is dependant on pressure, temperature, and salinity (Morad 1998). Excess methane
produced in the fermentation zone will diffuse upwards to shallower levels where it may be
consumed by respiration processes in the aerobic (Eq. 4.7) or sulphate reduction zones (Eq. 4.8)
as follows:

CH4 + 2O2 → CO2 + 2H2 O

4.7

2−
CH4 + SO2−
4 → CO3 + H2 S + 2H2 O

4.8

Bacterial fermentation proceeds until either utilizable organic matter is exhausted or high
temperatures are encountered, after which the abiotic process of decarboxylation will proceed
(Curtis 1978). Decarboxylation reactions involve the loss of carbon dioxide from organic matter
in response to elevated temperatures, typically in excess of 75°C (Curtis 1978; cf. Worden and
Burley 2003). Furthermore, the decarboxylation of organic acids can generate aggressive pore
waters at depth, which may lead to the dissolution of carbonates and feldspars (Hesse 1987).
However, depending on the pH buffering of the system, the precipitation, rather than dissolution
of minerals is possible in the thermal decarboxylation zone (Morad 1998).
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4.2 Diagenetic Mineralogy
Samples from the suite of outcrop sections and core that were analysed for microfacies
and microfabric analysis (see Chapter 3) were subsequently examined for the presence of
authigenic phases. The textural and compositional characteristics of diagenetic minerals were
documented throughout the study area. Table 4.1 provides a summary of the diagenetic minerals
identified in the study area. The following section provides a detailed description of the
diagenetic mineralogy.

Table 4.1 – Diagenetic minerals identified in sampled outcrop sections of the Puskwaskau Formation.
Shaded fill indicates the presence of the diagenetic mineral. *The ‘condensed section’ is a discrete 2metre-thick section within the Highwood River outcrop section.
Burnt
Timber Cr.
Pyrite
Calcite
Apatite
Kaolinite
Quartz
Dolomite
Siderite
Marcasite
Titania
Barite

Condensed
Section*

Core
16-04-63-8W5

Cutpick Hill

Highwood
River

Smoky
River
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4.2.1 Iron Sulphide

Authigenic pyrite (FeS2) is ubiquitous in marine mudstone of the Puskwaskau Formation.
Pyrite typically occurs in association with organic matter and is of three forms: (1) framboids 1
to 50 µm in diameter, (2) discrete euhedral crystals with a diameter of ≤ 1 to 10 μm, and (3)
concretionary pyrite 300 to 850 μm in diameter. Pyrite concretions are ovoid in shape. They
consist of framboidal pyrite, but the outer surfaces of the framboids are overgrown by euhedral
pyrite (Fig. 4.3a, b). Moreover, pyrite crystal boundaries are difficult to distinguish within
concretions. In a sample of Allomember B from the Cutpick Hill section, euhedral and
framboidal pyrite crystals are coated with a thin sub-micrometer-scale rim on the outer crystal
perimeter (Fig. 4.3d). Framboidal pyrite exists as a pore-filling cement within the tests of
foraminifera (Fig. 4.10c) and euhedral pyrite fills the central cavity of radiolaria (Fig. 4.3e). The
tracheids (i.e. the narrow tubular porous network) of woody organic matter are most commonly
filled with framboidal pyrite (Figs. 4.4, 4.8c), although, pyrite with a threadlike fabric may line
the cellular network of some wood fragments (Fig. 4.4a, d). In rare occurrences, framboidal
pyrite has replaced and preserved the form of rod-shaped bacteria (Fig. 4.3f). Euhedral pyrite has
precipitated between the expanded platelets of some mica grains (Figs. 4.4e, f, 4.8a, d). In
samples from the condensed section, marcasite, an FeS2 dimorph, occurs in association with
quartz, kaolinite, and titania (Figs. 4.15b, 4.16c).
4.2.2 Siderite

Authigenic siderite (FeCO3) is observed in a sample of dark platy silty mudstone from the
Cutpick Hill section (Fig. 4.5). SEM imaging revealed that siderite occurs as an intergranular
cement consisting of discrete 1 to 2 μm subhedral to euhedral crystals. The well-defined
crystalline structure is distorted in crystals that precipitated in close proximity. Moreover, some
siderite crystals have light grey to slightly hollow cores, that resembles an undetermined
chemical zonation. Siderite crystals are enclosed within slightly ferroan calcite and therefore are
postdated by authigenic ferroan calcite. Siderite rhombs overgrown by ferroan calcite have
subhedral and non-discrete margins. Pyrite appears to post-date siderite.
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Figure 4.3 – Examples of different occurrences of pyrite. Images B, C, and F captured in
secondary electron mode. Images A, D, and E captured in backscattered electron mode. A)
Pyrite concretion in a strongly bioturbated fine to medium mudstone; core: 16-04-63-8W5,
depth: 726.05 m. B) Detail of A. Concretionary pyrite is filled with intracrystalline kaolinite
(kaol). Framboidal pyrite is heavily encrusted by euhedral pyrite (arrows) on the outer
framboid margin. Also note the well-developed vermicular book-type fabric of the kaolinite.
C) Detail of octahedral pyrite crystals composing a framboid; core: 16-04-63-8W5, depth:
726.65 m. D) Euhedral and framboidal pyrite with exterior rims (arrowed). These rims may
suggest oxidation or a subsequent stage of cementation; Cutpick Hill section, 26 m. E) A
radiolaria with intraparticle authigenic pyrite (yellow arrows), kaolinite (purple arrows), and
quartz (black arrows). The radiolarian is slightly thickened in places where quartz has
recrystallized; Cutpick Hill section, 90 m. F) Pyrite preserving what appears to be the form of
rod-shaped bacteria; Cutpick Hill, 137 m.
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Figure 4.4 – Authigenic pyrite associated with wood. All images captured in backscattered
electron mode and are from the condensed section at Highwood River. A) The tracheids in
the wood fragment (top left) are filled with framboidal pyrite and quartz cement. The wood
fragment on the right exhibits a threadlike fabric of pyrite that may indicate the activity of
spiral-shaped bacteria. B) Near-complete pyritization of a sand-size wood fragment. C)
Authigenic pyrite and calcite completely pervade the cellular network of a wood fragment.
Note the adjacent dolomite (dol) and ferroan rim (Fe-dol). D) Stringy pyrite & pore-filling
framboidal pyrite partially replacing a fragment of wood. Note intraparticle quartz cement
(arrows). E) Wood tracheids filled with authigenic pyrite, quartz (arrows), and calcite (cal).
Adjacent to the wood is an ‘exploded’ muscovite grain. F) Detail of E. Euhedral pyrite
(yellow arrow) and kaolinite (kaol) fill intercrystalline pores that developed between the
expanded platelets.
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Figure 4.5 – Backscattered electron micrographs of siderite cement from the Cutpick Hill
section, 62 m. A) Overview of extensive siderite cementation. Pyrite, ferroan calcite are in
spatial association with siderite. B) Ferroan calcite (Fe-cal) has filled intergranular porosity
and engulfed siderite (yellow arrows) and quartz (qtz) cement. Authigenic apatite (ap) and
pyrite (white arrows) in the adjacent matrix. C) Overview of extensive ferroan calcite
precipitation. D) Detail of C. Fe-calcite has engulfed siderite, quartz, and pyrite. The siderite
has poorly defined crystal boundaries (arrowed) when surrounded by calcite cement. E)
Overview of extensive siderite cementation. F) Detail of E. Note the pristine crystal margins
of the siderite that are not engulfed by ferroan calcite. Authigenic calcite (purple arrows) and
quartz (yellow arrows) fill intercrystalline pores.
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4.2.3 Apatite

Authigenic apatite is most common as an intergranular pore-filling cement. Electron
dispersive spectroscopy (EDS) has revealed that phosphate takes the form of two chemically
distinct varieties of cryptocrystalline apatite: fluorapatite (Ca5(PO4)3F) and chlorapatite
(Ca5(PO4)3Cl). Fluorapatite is identified in samples from all outcrop sections but is most
abundant in the Burnt Timber Creek and Highwood River sections (including the condensed
section of Highwood River). Fluorapatite most commonly takes the form of sub-micron-size
crystals that exhibit a granular polygonal morphology (Figs. 4.6, 4.7a, b, d – f, 4.8b, d, 4.13b,
4.15). Fluorapatite also occurs as micron-size, idiomorphic crystals in the form of either an: 1)
intergranular (pore-filling) cement associated with authigenic quartz or calcite (Figs. 4.7c, 4.8a, e
– f); 2) as an overgrowth on chlorapatite (Figs. 4.9, 4.14a – d); or 3) as an intraparticle fill within
wood (Fig. 4.8c). Chlorapatite is less common and occurs as an inter- or intragranular porefilling cement with a crystal outline that ranges from highly euhedral to anhedral (Figs. 4.9,
4.14a – d).
In bioclastic sandstone (microfacies 10, see Chapter 3) from the condensed section, some
wood is phosphatized with cellular structure preserved in exceptional detail, with the tracheids
(pore network) of these wood fragments cemented by multiple phases of morphologically
distinct apatite. One of these phases has a radially fibrous texture. Chlorapatite is nucleated on
calcareous bioclasts (Fig. 4.14a – d).
The granular variety of fluorapatite is spatially-, and appears to be temporally-associated
with authigenic quartz. Fluorapatite has engulfed, and in some cases, appears to have replaced
quartz cement (Figs 4.6, 4.7a, c – f, 4.15). This suggests that the quartz cement precipitated
before the fluorapatite, or there was co-precipitation of the two authigenic phases. Elsewhere,
authigenic fluorapatite is enclosed within quartz cement (Fig. 4.7b, 4.13b). This spatial
relationship suggests that the fluorapatite precipitated before the quartz cement, or there was coprecipitation of the two phases. In some places, calcite has replaced fluorapatite (Figs. 4.9, 4.14c
– d). Fluorapatite has nucleated on chlorapatite and therefore post-dates chlorapatite (Figs. 4.9,
4.14a – d). An early phase of kaolinite pre-dates fluorapatite, which is notably evident by the
overprinting of kaolinite booklets by fluorapatite (Fig. 4.14c – d).
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Figure 4.6 – Examples of authigenic apatite from the Cutpick Hill section and in Core (16-04-638W5). Apatite in the study area is diagenetically associated with quartz cement. Images A, C, D, and
F were captured in backscattered electron mode. Images B and E were captured in secondary electron
mode. A) & B) Apatite (ap) and quartz (qtz) cement; Cutpick Hill section, 98 m. C) Prismatic apatite
crystals and quartz cement; Cutpick Hill section, 126 m. D) Extensive apatite cementation with minor
quartz cement; Cutpick Hill section, 169 m.
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Figure 4.7 – Examples of authigenic apatite from the condensed section of Highwood River.
All images captured in backscattered electron mode. A) Authigenic apatite (ap) and quartz
cement (pink arrows). Intergranular quartz (qtz), calcite (cal), kaolinite (kaol), and pyrite
(yellow arrows) fill intergranular porosity. Note the patchy calcite and quartz in the bottom
right suggesting an overlap in the timing of authigenesis. B) Micron-scale, idiomorphic
crystals of apatite in association with quartz cement. The adjacent quartz to the right lacks
any associated apatite, suggesting a separate phase of quartz cementation. Note significant
intergranular calcite. C) Quartz (qtz and arrowed black) engulfed within a silt-size apatite
crystal. This apatite crystal exhibits a second phase of growth (yellow arrows) on its outer
perimeter. Alternatively, this thin perimeter may represent F- for Cl- substitution in the apatite
structure. D) Extensive apatite replacement of quartz. Note the adjacent replacement of
quartz by calcite (white arrows). E) Quartz replacement by apatite. F) Kaolinite replacing an
expanded mica grain, adjacent to heavily apatite-replaced quartz cement.
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Figure 4.8 – Examples of authigenic apatite in muddy tempestites of the Burnt Timber Creek
and Highwood River sections. All images are backscattered electron micrographs. A)
Authigenic quartz and apatite association in a parallel-laminated fine to medium mudstone.
Kaolinite and pyrite have precipitated between expanded mica flakes; Highwood River
section, 170 m. B) Micron-scale idiomorphic apatite crystals and quartz, precipitated in a
calcite-cemented, well-sorted wave-rippled medium to coarse mudstone. Note the partiallyoutlined intraclastic aggregate (IA); Highwood River section, 186 m. C) Apatite, quartz, and
pyrite have filled intraparticle porosity within a wood fragment in a clay-and organic-rich
lamina of thinly-laminated fine to coarse mudstone; Burnt Timber Creek section, 52 m. D)
Finely-crystalline apatite filling intergranular porosity in a silt-rich lamina of a thinlylaminated fine to coarse mudstone. Quartz cement occurs with the apatite; Burnt Timber
Creek section, 52 m. E) Intergranular pore-filling apatite cement in a thickly-laminated fine
to coarse mudstone; Highwood River section, 136 m. F) Authigenic apatite has filled
intergranular pore space in a medium to coarse mudstone. A second phase of apatite is faintly
differentiated from the well-developed apatite crystal. Arrows indicate the first phase of
cementation. Burnt Timber Creek section, 52 m.
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Figure 4.9 – Elemental maps of compositionallyzoned apatite crystals; condensed section, Highwood
River. A) Reference BSE image illustrating the target
area for the element maps. Note the sharp crystal
termination (black arrow). Calcite post-dates apatite
(yellow arrow). B) Phosphorous element map of the
area shown in image A. C) Calcium element map of
the area shown in image A. D) Chlorine element map
of the area shown in image A. Note the concentration
of Cl within the ‘core’ of the apatite crystal. This core
is composed of chlorapatite (Ca5(PO4)3Cl). E)
Fluorine element map of the area shown in image A.
This rim of the apatite crystal is composed of
fluorapatite (Ca5(PO4)3F). F) Sodium element map of
the area shown in image A. Note the considerable
amount of Na within apatite, particularly the
fluorapatite rim, due to substitution of Na for Ca in
the crystal lattice structure.
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4.2.4 Quartz

Authigenic quartz (SiO2) takes the form of: (1) an intergranular pore-filling cement, or
(2) an intragranular fill. Intergranular quartz typically occurs as silt- to sand-size subhedral
crystals between framework grains (Figs. 4.4e, 4.7a – b, d, 4.8a, 4.10b, 4.16b). Authigenic quartz
also occurs as clay- to silt-size microcrystalline patches overgrown by authigenic apatite (Figs
4.6, 4.7a, c – f, 4.15). This quartz cement commonly exhibits partial replacement by authigenic
apatite, suggesting that apatite post-dated quartz cementation. Elsewhere, microcrystalline
patches (≤ 1 – 10 µm) of quartz are enclosed within calcite cement (Figs. 4.5a – d, 4.10f). Some
of the quartz has evidently been replaced by calcite cement (Figs. 4.7d, 4.13a – b). These spatial
relationships suggest that quartz precipitated before the calcite or there was co-precipitation of
these two mineral phases. Less commonly, quartz cement is observed as an authigenic
replacement of calcite cement (Fig. 4.15b). Much of the intergranular quartz cement is nucleated
on detrital quartz grains which has resulted in the ‘welding’ of original detrital quartz grain
boundaries (Fig. 4.13c). Quartz is a common intragranular cement that fills the cellular network
of wood (Figs. 4.4a, d – e, 4.8c). In core, slightly ovoid concretionary quartz with framboidal
pyrite is observed (Fig. 4.10a).
4.2.5 Kaolinite

Authigenic kaolinite (Al2Si2O5(OH)4) typically has a well-developed “book-like”
vermicular morphology. Silt-size crystals of kaolinite take the form of an intergranular porefilling cement which may either: (1) completely occlude the pore space between detrital grains
(Figs. 4.14a, 4.15a), or (2) partially occlude pores in association with other authigenic cements
(Figs. 4.10f, 4.11e, 4.13a – c, 4.14c – e, 4.15b – c, 4.16b, f). Intergranular pores range from silt
to sand-size depending on the framework grain size. Authigenic kaolinite also exists as an
intragranular or intracrystalline fill: (1) within the porous structure of wood, (2) within the tests
of foraminifera, (3) within the central cavities of radiolaria (Fig. 4.3e), (4) between pyrite
framboids (Fig. 4.3d – e), and (5) as a concretionary fill within pyrite concretions (Fig. 4.3a – b).
Partial to complete grain replacement of detrital feldspars by kaolinite is observed in samples
from the Cutpick Hill (Figs. 4.13e, 4.16d) and Highwood River sections (pervasive within the
condensed section interval). Additionally, coarse-crystalline kaolinite has replaced earlydiagenetic calcite in some samples from the condensed section (Figs. 4.13a, 4.15b). Some
muscovite grains have experienced an expansion and separation of their 001 surfaces and
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kaolinite, along with pyrite, have precipitated between these surfaces (Figs. 4.4e – f, 4.8a). In
some cases, kaolinite has replaced expanded mica grains, and has retained the primary crystal
fabric of the mica grain (Fig. 4.7f).
4.2.6 Calcite

Authigenic calcite (CaCO3) is texturally similar to quartz and takes two forms: (1) an
intergranular pore-filling cement, or (2) an intragranular cement. Intergranular calcite is
pervasive in bioclastic sandstone and has nucleated on calcareous bioclasts (Figs. 4.13a – b,
4.14e, 4.15a). This intergranular calcite is texturally similar to quartz cement in that crystals are
microcrystalline and range from silt- to sand-size. Intergranular calcite is observed replacing
authigenic quartz (Figs. 4.7d, 4.13a – b). The fact that most of the calcite replaces quartz cement
suggests that calcite generally post-dates quartz precipitation. Occasionally, calcite has replaced
the outer margin of bioclasts (Figs. 4.7c, 4.15). Calcite also occurs as a granular microcrystalline
‘micrite’ cement that fills silt- to sand-size pores adjacent to bioclasts and detrital silicate grains
(Fig. 4.10f). This granular micrite is associated with texturally-similar kaolinite and quartz and
appears to post-date these two authigenic phases. Laths of kaolinite enclosed within calcite
cement suggests that an early stage of kaolinite precipitation pre-dated calcite cementation (Fig.
4.15a). However, many cases show the remaining intergranular porosity adjacent to calcite
cement is infilled by kaolinite, suggesting that a phase of kaolinite cementation post-dates calcite
(Fig. 4.15). Additionally, the outer margins of some calcite cement are ragged when in contact
with kaolinite, suggesting partial dissolution by later kaolinite cementation (Fig. 4.14c, e, 4.15b).
A stratigraphic interval at the top of the Smoky River section contains mm-thick lags consisting
of detrital silicate grains and phosphatic debris that are extensively calcite-cemented (Fig. 3.29).
The fill of many gutter casts in muddy tempestites in the Burnt Timber Creek and Highwood
River sections are calcite-cemented (Fig. 3.23b). Samples of allomember C in the Cutpick Hill
section reveal that slightly ferroan calcite is a pervasive authigenic phase. In these samples,
slightly ferroan calcite is poikilotopic and has engulfed rhombic siderite crystals, framboidal and
euhedral pyrite, and patches of quartz cement (≤ 1 to 10 µm; Fig. 4.5). The observation that
ferroan calcite has engulfed quartz cement suggests that there was co-precipitation of the two
mineral phases, or that ferroan calcite postdated quartz precipitation. Intragranular calcite cement
is present within pelagic coccolith-rich fecal pellets and slightly ferroan calcite, together with
framboidal pyrite, fills the tests of calcareous planktonic foraminifera (Fig. 4.10c). Calcite and
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pyrite have precipitated in the tracheids of wood fragments (Fig. 4.4c – e). Calcite appears to
postdate framboidal pyrite.
4.2.7 Dolomite

Authigenic dolomite (CaMg(CO3)2) exhibits a variety of crystal morphologies that range
from euhedral with a rhombohedral outline to anhedral with a highly irregular outline. The size
of the dolomite generally approximates the size of the framework grains – dolomite crystals are
fine to medium silt-size in fine to medium mudstone and coarse silt- to sand-size in slightly
sandy coarse mudstone. Electron dispersive spectroscopy has revealed the dolomite to be nonstoichiometric with an overall greater abundance of calcium relative to magnesium. Moreover,
dolomite crystals exhibit a compositional zonation, which in backscattered electron mode,
display a dark dolomitic core and a brighter ferroan dolomite rim (Figs. 4.11, 4.12). The outline
of the dolomite core ranges from euhedral to anhedral. Occasionally, dolomite crystals are
complexly zoned with numerous discontinuous ferroan and non-ferroan zones (Fig. 4.11d). The
ferroan rim is highly variable in both its thickness and crystal outline and can range from 0.5 to
40 μm, with a euhedral to anhedral outline. Many of the dolomite and ferroan dolomite crystals
have sharp crystal terminations (Fig. 4.11c). Some dolomite crystals enclose quartz silt (Fig.
4.11a), detrital dolomite (Fig. 4.11b), or patches of clay, whereas other dolomite crystals have
replaced calcite cement (Figs. 4.11f, 4.15c). Elemental mapping revealed that the core contains a
higher concentration of magnesium and a lower concentration of calcium, relative to the rim
(Fig. 4.12c – d). Additionally, elemental mapping revealed traces of aluminum and potassium
within dolomite crystals (Fig. 4.12f).
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Figure 4.10 – Examples of diagenesis in the study area. Image A is from core (16-04-638W5; depth: 726.05 m), images C and E are from the Cutpick Hill section (heights: 62 and
126 m), and images B, D, and F are from the condensed section at Highwood River. A is a
secondary electron image. B - F is a backscattered electron image. A) Concretionary quartz
(qtz) with authigenic pyrite (yellow arrows) in a fine to medium mudstone. B) Authigenic
quartz with pyrite. Quartz is partially replaced by calcite (cal). C) Test wall of foraminifera
thickened due to calcite recrystallization (shown by yellow arrows). D) Sutured contact
between two carbonate grains. E) Vermicular kaolinite filling a feldspar mould. F)
Authigenic kaolinite (kaol) and calcite filling intergranular porosity around a phosphatic
fragment (PF) and disarticulated oyster shell. Calcite exhibits a microcrystalline and rugged
morphology in association with both authigenic quartz and kaolinite. Note the partial
replacement of the calcitic oyster shell by kaolinite indicated by the rugged grain margin.
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Figure 4.11 – Backscattered electron micrographs of authigenic dolomite. A) Very fine siltsize quartz (Q) overgrown by dolomite. Dolomite (dol) is rimmed by ferroan dolomite (white
arrows). Note the sharp crystal terminations (yellow arrows); Cutpick Hill section, 91 m. B)
Authigenic dolomite rimmed by ferroan dolomite (white arrows) nucleated on ?detrital
dolomite (D); Cutpick Hill section, 98 m. C) Sharp euhedral fabric that developed at the
contact between two dolomite crystals during growth. Note the sharp crystal terminations of
both the dolomite and ferroan dolomite (Fe-dol); Cutpick Hill section, 98 m. D) Dolomite
crystal displaying a complex compositional zonation of iron (white arrows), which suggests
repeated exposure to conditions of sulphate reduction and methanogenesis. Pyrite (py) in the
matrix; Cutpick Hill section, 91 m. E) Intergranular pore-filling zoned dolomite in a
bioclastic sandstone. Note the strongly degraded detrital quartz (Q) grains. Abundant pyrite
has precipitated within these quartz grains. Calcite (cal), quartz (qtz), and kaolinite (kaol)
cement also fill intergranular pores; condensed section, Highwood River. F) Detail of E. Note
the sharp crystal terminations of the Fe-dolomite, which may suggest possible replacement
for calcite (arrowed).
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Figure 4.12 – A) Backscattered electron micrograph of zoned dolomite. dol = dolomite; Fedol = ferroan dolomite; Cutpick Hill section, 115 m. B) Iron element map of the area shown
in image A. Note the preferential concentration of iron in the Fe-dolomite rim. This
compositional zonation is typical of organogenic dolomite (see section 4.3.4). C) Magnesium
element map of image A. Note the preferential concentration of magnesium in the core of the
zoned dolomite. D) Calcium element map of image A. Note the slightly increased
concentration of calcium in the rim of the zoned dolomite crystals. E) Silicon element map of
image A illustrating the concentration of silicon within silicate minerals. Note the lack of
silicon in the dolomite crystal. F) Aluminum element map of image A. Note the dispersed
concentration of aluminum in the dolomite crystals, which suggests that dolomite engulfed
detrital clay minerals during growth.
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Figure 4.13 – Backscattered electron micrographs of authigenic minerals from the condensed
section at Highwood River. A) Calcite (cal) and quartz (qtz) precipitated in intergranular
pores between carbonate fragments (CF). Calcite has replaced quartz - note the sharp crystal
terminations of the calcite penetrating into quartz cement (yellow arrow). Kaolinite (kaol)
replaces calcite. B) Apatite (ap) and pyrite (py) surrounded by quartz cement. The quartz
cement has been replaced by older calcite which has nucleated on a carbonate fragment. C)
Rounded phosphatic intraclasts (purple arrows) surrounded by authigenic quartz and calcite.
Authigenic quartz has nucleated on detrital quartz grains - the grain boundaries of which
cannot be distinguished. D) Strongly etched and corroded detrital quartz grain, partially
replaced by authigenic pyrite. The SiO2 released from the degradation of these detrital quartz
grains has re-precipitated locally in the form of intergranular quartz cement. E) Earlydiagenetic pore-filling calcite and dolomite (dol). The dolomite is rimmed by later ferroan
dolomite (yellow arrows). Note the etched and corroded quartz grains (Q). F) Parallel
laminated fine to coarse mudstone (MF2) overlain by bioclastic sandstone (MF10). Note the
pervasive early-diagenetic intergranular cement in MF10 versus a lack thereof in the
underlying mudstone. The porous open framework fabric of MF10 facilitated extensive
authigenesis from pore fluids.
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Figure 4.14 – Backscattered electron micrographs of authigenic minerals from the condensed
interval at Highwood River. A) Intergranular pore-filling kaolinite (kaol) and apatite (ap).
Note the sutured grain boundary between carbonate fragments in lower right (arrow). B)
Detail of image A. Chlorapatite (ClAp) and calcite (cal) nucleated on a carbonate fragment
(CF). A second phase of phosphate (fluorapatite; FAp) has rimmed the apatite. This second
phase is composed of fluorapatite while the early phase is composed of chlorapatite. Porefilling kaolinite is coarsely crystalline with a well-developed vermicular book-type fabric. C)
Interparticle pore between carbonate fragments (CF) filled with authigenic quartz, pyrite,
calcite, apatite, and kaolinite. D) Detail of image C. Early chlorapatite was followed by
kaolinite authigenesis. A later phase of apatite nucleated on the early apatite. Close
inspection of the second phase of apatite authigenesis reveals that the apatite conformed to
the fabric of the kaolinite, as the platy kaolinite fabric is visible within the apatite cement
(sketched lines). Subsequent calcite cementation partially eroded the second phase of apatite.
E) Calcite nucleated on a carbonate fragment, engulfed early-formed kaolinite laths
(arrowed). Late pore-filling kaolinite filled remaining intergranular porosity. Note the pristine
polygonal grain boundaries of the carbonate fragments which suggests the early calcite
overgrowth protected the carbonate fragments from aggressive acidic waters that precipitated
kaolinite. F) Early-formed laths of kaolinite overgrown by calcite cement.
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Figure 4.15 – Bioclastic sandstone from the condensed section at Highwood River showing a
complex paragenesis. All images captured in backscattered electron mode. A) Calcite has
engulfed early-formed kaolinite laths (arrowed bottom left) and dominates as an intergranular
fill in the bottom of the image while a later-formed kaolinite fills remaining intergranular
porosity. Most of the detrital quartz (Q) grains have corroded grain boundaries. B) Earlyformed calcite (cal) has nucleated on a carbonate fragment (CF). The sediment was probably
exposed to slightly acidic pore waters and the calcite was partially replaced by authigenic
marcasite (m), quartz (qtz), apatite (ap), and kaolinite (kaol). C) Diagenetic association of
apatite and quartz. This apatite is probably associated with an early stage of quartz
cementation. Note the partial dolomitization (dol) of calcite.
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4.2.8 Titania

Authigenic titania (TiO2) is identified in samples from the Burnt Timber Creek, Cutpick
Hill, and Highwood River sections (including the condensed section). Titania exists as one of
three morphologies: (1) prismatic intersecting crystals (Fig. 4.16a), (2) subhedral silt-size
microcrystalline patches (Fig. 4.16b – e), and (3) grainy crystals (Fig. 4.16f). Titania is present as
an intergranular pore-filling cement and is associated with fluorapatite, quartz, marcasite, and
kaolinite. Moreover, titania has replaced the margins of some fluorapatite crystals and therefore
post-dates fluorapatite precipitation (Fig. 4.16e).
4.2.9 Barite

Authigenic barite (BaSO4) is rare and contains considerable titanium. Petrographically,
barite appears to have nucleated on titania which suggests barite post-dates titania (Fig. 4.16b).
Barite occurs in allomember B of the Cutpick Hill section.

(next page)
Figure 4.16 – Backscattered electron micrographs of titania. A) A cluster of prismatic and
blade-shaped authigenic titania situated in a muddy matrix. Note the pristine crystal
terminations and overgrowth of titania crystals; Cutpick Hill section, 52 m. B) Authigenic
titania (ti), barite, kaolinite (kaol), and quartz (qtz) precipitated in a fine to medium
mudstone. Note the abundant FF aggregates constituting the clay matrix; Cutpick Hill
section, 35 m. C) Marcasite (m) enclosed within titania. Note the laths of kaolinite (kaol)
engulfed within the adjacent calcite (cal); condensed section, Highwood River. D) Orthoclase
partially replaced by kaolinite. The preferential occurrence of kaolinite on the outer grain
perimeter is probably due to fluids migrating through the pore spaces around grains; Cutpick
Hill section, 138 m. E) Apatite (ap) partially replaced by titania (arrowed); Burnt Timber
Creek section, 52 m. F) A grainy variety of titania filling intergranular pore space; this
titanium mineral may be the alteration product leucoxene (e.g. Morad and Aldahan 1982); py
= pyrite; Highwood River section, 186 m.
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4.3 Discussion
The paragenesis of the Puskwaskau Formation was determined from petrographic
observations of overlapping and cross-cutting mineral relationships. The diagenetic assemblages
in the study area consist mostly of the products of early authigenesis. The condensed section at
Highwood River consists of bioclastic sandstone (MF10) that is characterised by a grain
assemblage of carbonate material, phosphatic material, wood, and silicate minerals. The
paragenetic sequence for the condensed section at Highwood River is shown in, and is
dominated by, early diagenetic quartz, apatite, marcasite, kaolinite, pyrite, calcite, dolomite, and
ferroan dolomite. Rocks that comprise the Burnt Timber Creek, Cutpick Hill, and Highwood
River sections consist of predominantly silicate minerals and minor wood. The general
paragenetic sequence for the rocks of these outcrop sections consists of early diagenetic quartz,
apatite, siderite, pyrite, ferroan calcite, calcite, barite, titania, kaolinite, dolomite, ferroan
dolomite, and possibly late diagenetic kaolinite. To characterize the evolution of the diagenetic
mineralogy, the following discussion takes into consideration the textural characteristics and
petrographic observations of the diagenetic mineralogy. Unless the sampled locality is specified,
the interpreted mode of authigenesis applies for all sampled localities.
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Figure 4.17 – Paragenetic sequence for the condensed section at Highwood River.
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Figure 4.18 – A representative paragenetic sequence for the Burnt Timber Creek, Cutpick Hill,
Highwood River, and Smoky River outcrop sections, as well as core (16-04-63-8W5).
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4.3.1 Phosphogenesis

The bacterial degradation of organic matter and subsequent release of phosphorous
represents a fundamental source of phosphate (PO43-) within sediments (Ruttenberg and Berner
1993; Fӧllmi 1996). Phosphate released from the decay of organic matter can either escape from
the sediment back to the water column, or accumulate in pore-waters, where continuous
phosphate enrichment can ultimately lead to the precipitation of authigenic phases, such as
carbonate fluorapatite (Tribovillard et al. 2010). Other sources of phosphate include the
dissolution of fish bones and scales (Jahnke et al. 1983), the dissolution of phosphorous-bearing
solid phases such as calcium carbonates and carbonate fluorapatite (Froelich et al. 1979), the
transfer of inorganic phosphorous from seawater into the sediment (Fӧllmi et al. 2005), and
desorption of phosphorous from iron and manganese compounds upon reduction (Krom and
Berner 1980; 1981). The latter has been proposed as an important process in the phosphogenesis
of modern marine sediments (e.g. Froelich et al. 1979; O’Brien and Heggie 1988) and the ancient
sedimentary record (e.g. Nelson et al. 2010). In the studied rocks of the Puskwaskau Formation,
phosphogenesis is most probably linked to the presence of abundant phosphatic material and
organic matter within the sediments, rather than to iron-redox cycling of phosphorous.
The fluoride that is incorporated into fluorapatite may be sourced through diffusion from
sea water into the sediment (Froelich et al. 1983; Jahnke et al. 1983), the dissolution of fish
debris (e.g., scales and bones; Suess 1981), and/or desorption from iron oxyhydroxides (O’Brien
and Heggie 1988). In a study of Peruvian shelf phosphatic muds, pore water gradients revealed
that fluoride diffused into sediment from sea water, and was incorporated into carbonate
fluorapatite within the upper few tens of centimetres of the sediment column (Froelich et al.
1983). Carbonate ions incorporated into apatite are provided from pore-water alkalinity (Froelich
et al. 1988).
Although carbonate fluorapatite was not identified in the studied samples, a review of the
effect of carbonate in an apatite structure is relevant. An early study by Greenwald (1945)
reported that an increase in bicarbonate concentration resulted in an increase in calcium
phosphate solubility. As carbonate alkalinities increase below the sediment-water interface, and
carbonate is substituted into carbonate fluorapatite, a poisoning effect may develop in the crystal
lattice of carbonate fluorapatite (Glenn et al. 1988). The chemical stability of carbonate
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fluorapatite has been shown to be significantly altered by the continuous addition of carbonate
into the crystal lattice (Jahnke 1984). Eventually, an increase in carbonate content will increase
the solubility of apatite to the point that apatite precipitation is inhibited, and only authigenic
carbonate forms (Kastner et al. 1986). Despite the increased solubility of carbonate fluorapatite
that accompanies an increase in alkalinity, phosphogenesis may be possible if preformed
phosphatic material is present (Fӧllmi 1996).
Authigenic apatite is most abundant in a discrete 2-metre-thick interval at Highwood
River; this stratigraphic interval is dominated by bioclastic sandstone (MF10) which consists of
abundant calcitic bioclasts, phosphatic skeletal debris, and wood. Many of the calcitic bioclasts
exhibit a brownish hue in thin section, which indicates the probable presence of cryptocrystalline
apatite. The presence of these grains suggests that organic matter-bearing phosphorous and
phosphatic material were a significant source of phosphate in the sediment. Authigenic apatite is
in direct contact with either calcareous bioclasts, calcite cement, or most commonly, quartz
cement. Experiments have shown that the surface of calcite may act as a nucleating agent for
apatite precipitation (Stumm and Leckie 1970; Burnett 1977; Wang et al. 2011), which may
explain the growth of some apatite on calcium carbonate.
The co-occurrence of apatite and quartz cement, and specifically, the apparent coprecipitation of apatite and quartz, suggests that the geochemistry of the interstitial pore waters at
the time of precipitation of both apatite and quartz were the same, or similar. Both phosphate and
quartz have been suggested to precipitate under conditions of low pH (Coleman 1985). Nathan
and Sass (1981) showed that a low pH favours the precipitation of apatite over carbonate.
Interestingly, the growth of fluorapatite has been shown to be catalyzed in the presence of H+
(Van Cappellen and Berner 1991). Possible factors that promote conditions for slightly acidic
(i.e. low pH) marine pore waters include: a) the percolation of CO2-charged meteoric waters
(Blatt 1979) or, b) the production of hydrogen ions resulting from either: (1) the oxidation of
hydrogen sulphide (Eq. 4.9 after Coleman 1985; Glenn and Arthur 1988), (2) from the oxidation
of iron (Eq. 4.10 after Macquaker 1994), and/or (3) the oxidation of previously-formed
authigenic pyrite (Eq. 4.11 after Stumm and Morgan 1981).
+
H2 S + O2 → SO2−
4 + 2H

4Fe2+ + O2 + 6(H2 O) → 4FeO ∙ OH + 8H +

4.9
4.10
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7
+
FeS2 + O2 + H2 O ↔ Fe2+ + 2SO2−
4 + 2H
2

4.11

Additionally, the decay of organic matter within the oxic zone can reduce pH and increase pore
water acidity by the reaction (Eq. 4.12 after Coleman 1985):
+
CH2 O + O2 → CO2 + H2 O → HCO−
3 +H

4.12

The above reactions result in the addition of hydrogen ions to pore water and occur at shallow
depths above the oxic-anoxic interface within the oxic zone (Coleman 1985). In the paragenetic
sequence of Highwood River, an early phase of apatite cement pre-dates calcite; the slightly
acidic pore waters from which the apatite precipitated would have inhibited calcium carbonate
precipitation, and may have been responsible for the dissolution of some of the carbonate
material (see also Macquaker 1994).
Van Cappellen and Berner (1989) conducted laboratory experiments on the precipitation
of apatite under marine seawater conditions using ground quartz as a seeding material. They
observed the precipitation of an initial octacalcium phosphate-like precursor on the quartz
surfaces that later developed into macroscopic fluorapatite. In an experiment that spanned ten
years, Gulbrandsen et al. (1984) added excess phosphate and fluoride to seawater and very
patiently observed the precipitation of apatite on quartz seeds.
Prismatic apatite crystals typically consist of a dark core and a light rim in backscattered
electron mode; these apatite crystals are characteristically similar to the two-phase-zoned
dolomite of this study. Elemental mapping of these apatite crystals revealed well-defined Cl- and
F- domains, corresponding to chlorapatite and fluorapatite, respectively. Chlorapatite cement
consist of well-developed, idiomorphic crystals that have an outline ranging from sharp and
planar to arcuate. Fluorapatite extends as an overgrowth on chlorapatite. In the condensed
section, chlorapatite is rimmed by fluorapatite, and in some cases, the fabric of stacked kaolinite
plates is visible within a fluorapatite cement. Two possible paragenetic sequences for these
diagenetic relationships are proposed: 1) chlorapatite nucleated on a carbonate host grain and
precipitated within intergranular pores; then, kaolinite filled vacant intergranular pore space
adjacent to the chlorapatite; kaolinite precipitation was followed by a second phase of
chlorapatite growth on the original chlorapatite crystal; and lastly, ionic replacement of Cl- by F-
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resulted in fluorapatite; or 2) the second growth phase of apatite consisted of the precipitation of
a primary form of fluorapatite, without any intermediate chlorapatite phase.
Fluorapatite exhibits a chemical stability over hydroxyapatite or chlorapatite (Ben-Nissan
et al. 1995). The stability of fluorapatite over chlorapatite is thought to be due to the nature of the
chemical bonds between the principal anions (F-, Cl- or OH-) and calcium, within the crystal
structure (Young and Elliott 1966). Elemental mapping revealed the presence of sodium within
the chlor- and fluorapatite, with more sodium within the fluorapatite (rim) cement. Monovalent
cations such as Na+ may substitute for calcium in apatite (Pan and Fleet 2002). This substitution
phase of sodium for calcium and fluorine for chlorine may have occurred concurrently, replacing
the outer growth of chlorapatite with fluorapatite. Alternatively, sodium and fluorine may have
been primary precipitates with no replacement of chlorapatite.
4.3.2 Quartz Cementation

Quartz cement is exceptionally abundant in bioclastic sandstone (Microfacies 10) of the
condensed section at Highwood River, and petrographic examination of samples reveals that
quartz cement is spatially associated with calcite or apatite cement. Under the electron
microscope, most of the detrital quartz grains are strongly corroded and etched. In samples from
the Burnt Timber Creek and Highwood River sections, authigenic quartz is spatially associated
with apatite or titania cement.
Quartz cement requires a source of soluble silica. Commonly-proposed sources of silica
for quartz cementation include: (1) the dissolution of detrital feldspars, (2) clay dissolutionprecipitation processes, (3) pressure dissolution (of quartz) and stylolites, and (4) dissolution of
amorphous (biogenic) silica (cf. Worden and Morad 2000). The dissolution of detrital feldspars
is a possible source of silica as many of the feldspar grains in the condensed section are
chemically etched and degraded. Clay mineral reactions that release significant amounts of silica
are not a probable source for silica; more likely, these diagenetic reactions occur at elevated
temperatures associated with deep-burial diagenesis (e.g. Bjørlykke 1998), and the authigenic
rocks in these rocks is an early pore-filling phase. Pressure dissolution is ruled out as a probable
source of silica due to the lack of evidence for quartz-associated stylolites and the fact that the
majority of the detrital silicate minerals are not in grain-to-grain contact; instead, framework
grains are mostly surrounded by intergranular cements. Moreover, stylolites are not observed in
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the Highwood River outcrop section. The dissolution of amorphous silica from biogenic
siliceous grains such as diatoms and radiolaria is a possible source of silica, however, quartz
cement that precipitates from amorphous silica or opal CT typically has a microcrystalline
‘chert-like’ texture (Bjørlykke and Egeberg 1993) – a texture which is not observed in the
examined suite of samples of the Puskwaskau Formation. Other sources of silica include those
that are external to the cemented rock body. These sources require transport of silica and may
include, for example, more deeply-buried mudrocks or sandstones. Local sources of silica (i.e.
those from within the rock body) are considered rather than external sources because improbably
large fluxes of water are thought to be required to cause large-scale advection-controlled quartz
cementation (Bjørlykke 1994).
The most plausible explanation for the source of silica is the degradation of feldspars.
Feldspar degradation would have been accomplished by the flushing of aggressive CO2-charged
meteoric waters into the very shallowly-buried sediment (e.g. Longstaffe 1984; Bjørlykke and
Brensdal 1986). Moreover, the percolation of meteoric waters into shallowly-buried sediment
may result in the alteration of K-feldspar to kaolinite. The replacement of K-feldspar by kaolinite
represents an important source of silica for early diagenetic quartz and this reaction is illustrated
in Eq. 4.13 (Bjørlykke 1983):
2KAlSi3 O8 + 2H + + H2 O → Al2 Si2 O5 (OH)4 + 4SiO2 + 2K +

4.13

Feldspars have higher Si/Al ratios than the kaolinite that replaces them (Worden and Morad
2000). Large quantities of silica released by Eq. 4.13 are free to accumulate in interstitial pore
waters from which the silica may re-precipitate as quartz. Furthermore, percolating meteoric
waters may have introduced additional dissolved silica to the diagenetic system as meteoric
waters are known to contain more dissolved silica than sea water (cf. Blatt 1979). Ultimately, a
buildup of dissolved silica in interstitial pore waters led to the precipitation of quartz cement.
The nucleation of quartz cement was facilitated by detrital quartz silt grains and bioclasts that
acted as preferential nuclei for quartz precipitation. Additionally, pore waters that are
supersaturated in silica and undersaturated in calcite are susceptible to calcite dissolution and
silica precipitation (Knauth 1979). Some of the authigenic quartz is observed replacing calcitic
carbonate grains, a textural relationship which may possibly be explained by the local buildup of
dissolved CO2 derived from decaying organic matter (Walker 1962); an increase in the activity
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of CO2 may have resulted in a lowered pH and the subsequent dissolution of calcium carbonate.
More commonly, some of the quartz cement has been overgrown or replaced by calcite cement.
This petrographic observation suggests that silica solubility was increased in response to elevated
pH (due to increasing pore water carbonate alkalinities), and that calcite became the stable
precipitating phase (cf. Siever 1962; Dapples 1979).
Additionally, organic acids that are released during organic matter degradation may
directly dissolve quartz grains and provide a source of silica to pore waters (Bennett and Siegel
1987; Bennett et al. 1988). Silicon in quartz is prone to complexation with organic acids and is
susceptible to an increase in both its solubility and rate of dissolution when in the presence of
organic matter and pore waters of a near-neutral pH (Bennett et al. 1991; Bennett and Casey
1994). Field studies of near-surface organic-rich environments have suggested that enhanced
quartz dissolution and silicon mobility occur in response to silica-organic complexation (Bennett
and Siegel 1987; Bennett et al. 1991). Two types of organic complexation serve to augment
silicon mobility: (1) aqueous silica-organic complexation and (2) mineral surface silica-organic
complexation. The former involves increased solubility, dissolution, and complexation of silica
in the presence of organic matter in an aqueous system (Bennett 1991). Mineral surface silicaorganic complexation is similar in that the solubility and dissolution of silica is increased in the
presence of organic acids, but differs from aqueous complexation in that carboxylate anions are
physically adsorbed onto silica sites, ultimately disabling the crystallographic bonds and
releasing silicon atoms from the crystal SiO2 structure (Fein 2000). Detrital quartz grains in
bioclastic sandstone are highly corroded and exhibit an etched texture, which suggests grain
dissolution, possibly induced by organic-acid complexation (Bennett et al. 1991; Vandevivere et
al. 1994). Moreover, the dissolution of detrital quartz grains would have provided a primary
local source of silica that was free to accumulate in interstitial pore waters. Many of these
partially dissolved detrital quartz grains contain intraparticle authigenic pyrite. This authigenic
pyrite filled dissolution voids (secondary porosity) probably shortly after the silica was released.
4.3.3 Iron Sulphide Cementation

Authigenic framboidal pyrite precipitated from the sequential reactions of: 1) reduced
iron with hydrogen sulphide to produce iron monosulphides; followed by 2) iron monosulphides
with elemental sulphur to produce pyrite (Berner 1970; 1984). Framboidal pyrite precipitated
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during early diagenesis within the sulphate reduction zone wherein authigenesis was dependent
on the presence of organic matter, the rate of sulphate reduction, and the availability of reactive
iron (Raiswell 1982; Berner 1985). Euhedral pyrite may have formed directly from iron oxide
minerals (Taylor and Macquaker 2011) during later stages of diagenesis as pore-water sulphate
became depleted (Raiswell 1982). Authigenic pyrite between flakes (i.e. 001 surfaces) within
mica grains is interpreted as the localised sequestration of iron into pyrite, from which the iron
was sourced directly from the altered mica grains. The pyritization of wood is the consequence
of bacterial sulphate reducers using the organic substrate as a suitable bioavailable reductant. The
stringy morphology of pyrite associated with some of the wood resembles spiral-shaped bacteria.
Marcasite is a dimorph of pyrite and precipitates in acidic (low pH) solutions (Rickard et
al. 1995). The intimate association and intergrowth of marcasite with quartz and kaolinite is
consistent with precipitation from pore-water solutions of reduced pH (e.g. Schieber 2011b).
4.3.4 Carbonate Cementation

Siderite is present as an intergranular cement in samples from the Cutpick Hill section
and is documented in spatial association with framboidal pyrite, ferroan calcite, and quartz.
Siderite precipitation requires pore water concentrations of very low sulphide, high reduced iron,
and high carbonate (Pearson 1979). As bacterially-mediated sulphate reduction becomes a
dominant reaction within the sediment, increased pore water sulphide concentration result in the
precipitation of pyrite. Moreover, the sequestration of reduced iron by sulphide to produce pyrite
typically results in the precipitation of non-ferroan carbonates (Morad 1998). However, under
exceptional conditions, framboidal pyrite may co-precipitate with ferroan carbonates (e.g.
ferroan calcite and siderite) when the rate of iron (Fe3+) reduction exceeds the rate of sulphate
reduction (Curtis 1987; Pye et al. 1990) – which may explain the intimate spatial association of
these three authigenic minerals. Siderite rhombs surrounded by ferroan calcite have subhedral
and non-discrete margins, which suggests resorption of their outer margins by ferroan calcite.
Calcite cement is ubiquitous in bioclastic sandstone of the condensed section at
Highwood River. An obvious source of calcium and carbonate are the calcareous bioclasts that
constitute a large proportion of the grain assemblage. The grain boundaries of many of these
bioclasts are corroded and show evidence of dissolution and replacement by kaolinite, calcite, or
quartz cement. In other cases, however, calcite has nucleated directly on bioclasts with no
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obvious evidence for dissolution, suggesting that some calcitic grains acted as nuclei for calcite
growth and that calcite precipitation was non-destructive. Moreover, the high abundance of
carbonate grains resulted in an extensive distribution pattern of suitable substrates for calcite
precipitation. The nucleation and growth of calcite cement on bioclasts was facilitated by local
pore water supersaturation of bicarbonate and an abundant supply of available calcium.
Microbially-mediated organic matter oxidation would have provided an additional source of
bicarbonate. The disarticulation and fragmentation of inoceramid bivalves resulted in a plentiful
supply of sand-size polygonal honeycomb grains. In all the studied samples, these polygonal
carbonate grains exhibit small (< 1 – 2 µm) regular pits, which may be due to the loss of organic
filaments within their prismatic structure, rather than carbonate dissolution (Pirrie and Marshall
1990; Elorza and Garcia-Garmilla 1996).
Dolomite is abundant in samples from the Cutpick Hill and Highwood River sections and
most dolomite crystals exhibit a compositional zonation consisting of a non-ferroan inner core
and a ferroan outer rim. Textural and compositional evidence for an authigenic origin include: 1)
a discrete compositional zonation of Fe, Mg, and Ca, segmented into an inner core and an outer
rim; 2) a crystal growth fabric of interlocking crystals; 3) sharp crystal terminations; 4) quartz
silt and patches of clay overgrown and cemented by dolomite; 5) traces of Al and K identified by
elemental mapping, which suggests that some dolomite crystals overgrew detrital clay minerals
as they grew within the matrix; and 6) replacement of calcite cement by dolomite.
The compositional and petrographic data, and the combined presence of abundant
framboidal pyrite and organic material, suggests that this dolomite is typical ‘organogenic
dolomite’ (cf. Compton 1988; Mazzullo 2000). The term ‘organogenic’ is used for dolomite in
which the carbon is derived from the microbial decomposition of organic material, as well as
from the dissolution of calcite (Compton 1988). It has long been recognized that dolomite
encounters a number of barriers to precipitation at shallow depths, typical of near earth-surface
temperatures (cf. De Boer 1977; Baker and Kastner 1981). Recent work has suggested that the
barriers to early dolomitization can be overcome during bacterially-mediated sulphate reduction
and methanogenic processes (Pisciotto and Mahoney 1981; Slaughter and Hill 1991; Mazzullo
2000).
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During the process of sulphate reduction, anaerobic bacteria utilize sulphate (SO42-) to
oxidize organic matter, and in consequence, increase pore-water alkalinity (Morad 1998). An
increase in the concentration of pore-water alkalinity enhances the likelihood of the precipitation
of carbonates, including both dolomite and calcite (Baker and Burns 1985). Moreover, this
process of sulphate reduction, which utilizes and reduces pore-water sulphate concentrations,
may enhance dolomite precipitation; sulphate has been shown experimentally to inhibit
authigenic dolomite from precipitating (cf. Baker and Kastner 1981). Within the sulphate
reduction zone, sulphide is free to react with dissolved iron (Fe2+), resulting in the precipitation
of sulphide minerals (e.g. pyrite). Since iron is immediately sequestered by dissolved sulphide,
authigenic dolomite, which may precipitate, is Fe-poor (cf. Mazzullo 2000). Thus, precipitation
of the dark Fe-poor inner zone of the zoned dolomite crystals is interpreted to have occurred
within the sulphate reduction zone.
When sulphate has been completely removed, precipitation of dolomite may continue
into the zone of methanogenesis, where microbial methanogens break down organic compounds
or utilize hydrogen to reduce carbon dioxide (Coleman 1985; Morad 1998). Due to the lack of
dissolved sulphate in the methanogenesis zone (methanogenic bacteria do not grow in the
presence of dissolved sulphate; cf. Claypool and Kaplan 1974), free iron may be incorporated
into authigenic dolomite, resulting in ferroan dolomite (Irwin 1980). Thus, precipitation of the
outer ferroan zone of the zoned dolomite crystals is interpreted to have occurred within the
methanogenic zone.
Dolomite is composed of calcium, magnesium, and carbonate, and may form
authigenically as a replacement of calcite or aragonite, or by direct precipitation from ions in
solution (Morrow 1992). Sources of magnesium and calcium for dolomite authigenesis include
the dissolution of precursor solid carbonate and/or diffusive supply from overlying seawater
(Compton and Siever 1984; Baker and Burns 1985; Compton and Siever 1986). Carbonate is
derived from bacterially-mediated degradation of organic matter (Baker and Kastner 1981;
Pisciotto and Mahoney 1981; Compton and Siever 1984; Burns et al. 1988) or solution of
precursor carbonates (Baker and Burns 1985). In the sampled rocks of the Puskwaskau
Formation, compositionally-zoned dolomite crystals have a relatively greater abundance of Mg2+
in their inner core and Ca2+ in their outer rim. These contrasting elemental abundances may
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reflect variations in ionic seawater diffusion, solid carbonate dissolution, and/or ionic
substitution. Specifically, as sediment is buried, the supply of Mg2+ by seawater diffusion is
reduced at depth (Baker and Burns 1985). Moreover, a gradual depletion of Mg2+ in pore waters
with depth would have allowed Fe2+ to substitute for Mg2+ in the dolomite crystal lattice (Irwin
1980; Pisciotto 1981), resulting in a Mg2+ depleted rim. The slightly Ca2+-rich rims suggest that
more Ca2+ was available in solution, possibly due to carbonate dissolution and/or replacement
which released free Ca2+ to interstitial pore water. The maximum depth of dolomite precipitation
may have been limited by Ca2+ or Mg2+ diffusion into the sediments from sea water (Burns et al.
1988).
Samples from the Cutpick Hill and Highwood River sections (not the condensed interval)
do not indicate that dolomite cement replaced primary carbonate. Instead, much of the dolomite
appears to have precipitated directly from solution. Precipitation of early-formed dolomite and/or
ferroan dolomite may be illustrated by a reaction such as that proposed by Irwin (1980):
Ca2+ + (Mg, Fe)2+ + 2CO2−
3 → Ca(Mg, Fe)(CO3 )2

4.14

This reaction suggests a diffusive supply of Ca2+ and Mg2+. Reduced iron (Fe2+) is supplied by
iron reduction processes, and would be available for dolomite authigenesis in the
methanogenesis zone. The carbonate is from solution and is supplied by bacterially-mediated
processes.
In contrast to the siliciclastic-dominated Cutpick Hill and Highwood River sections,
petrographic data from the condensed section reveals an abundant supply of biogenic carbonate
material, as well as calcite cement. Dolomite is observed replacing calcite cement as well as
precipitating adjacent to or nucleating directly on carbonate bioclasts. This suggests that there
was direct dolomitization of calcite and a reaction is proposed:
2CaCO3 + Mg 2+ ↔ CaMg(CO3 )2 + Ca2+

4.15

Excess Ca2+ produced by this reaction may explain the calcium enrichment observed in the outer
ferroan rim of the zoned dolomite crystals. As available reducible sulphate diminished, the
methanogenesis zone was established and ferroan dolomite precipitated with an excess of
calcium.
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4.3.5 Kaolinite Cementation

In samples from the Cutpick Hill section, kaolinite replacement moulds of detrital
feldspars are common in sandy mudstone. In samples from the condensed section, an obvious
observation is the apparent preference of kaolinite for primary intergranular pores. A number of
observations provide evidence for an authigenic in situ origin: 1) the delicate structure and
idiomorphic form of the vermicular crystals, 2) significant microporosity between adjacentlystacked kaolinite booklets, 3) partial to complete grain replacement by kaolinite, 4) kaolinite
filling shelter porosity within fossil fragments, 5) kaolinite filling the spaces between expanded
mica flakes, and 6) the presence of patches of kaolinite that are continuous and extensive around
detrital silicate minerals and carbonate grains.
In bioclastic sandstone, kaolinite is one of the earliest diagenetic phases and kaolinite fills
most of the intergranular pore space. Moreover, kaolinite has, in some cases, filled intergranular
pores that are > 200 µm wide, and cement has prevented detrital grains from being pressed
together by compaction. The fact that kaolinite fills large pore spaces, and has prevented
compaction, indicates that this mineral was an exceptionally early authigenic phase. The coarse
crystal size (medium to coarse silt-size) suggests that this kaolinite precipitated slowly. The
kaolinite in bioclastic sandstone is interpreted to be pre-compaction, as many of the framework
grains are oriented oblique to bedding and are well-cemented in place. Additionally, an
abundance of expanded mica grains with kaolinite between mica flakes suggests a largely precompaction timing for kaolinite precipitation (Milliken 2004). Some kaolinite laths are enclosed
within calcite cement which suggests that, as calcite precipitated within the sediment, it captured
early-formed kaolinite. A later phase of kaolinite filled remaining intergranular pore-space.
The presence of extensive pore-filling kaolinite in samples of the condensed section
indicates that there must have been an abundant source of Al and Si. Many of the feldspars are
degraded and exhibit partial to complete replacement by intragranular kaolinite, suggesting that
this mineral transformation provided a local contribution of Al and Si to pore waters. Aluminum
is known to have a low solubility in water at anything near neutral or even mildly acidic pH
values (Curtis 1987). Furthermore, the mobility of aluminum is dependent on aluminum
concentration and aluminum flux (Hayes and Boles 1992) – the implication being that a
relatively large build-up of aluminum in pore waters is necessary for authigenesis. Generally,
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there is an absence of kaolinite in most carbonate-rich rocks and the presence of abundant
kaolinite in carbonate-rich bioclastic sandstone suggests that relatively high concentrations of
dissolved aluminum were available during diagenesis (Maliva et al. 1999).
The most plausible explanation for a significant source of Al and Si is meteoric flushing
and associated dissolution of precursor silicates (e.g. Bjørlykke and Brensdal 1986). The
incursion of meteoric waters into porous and permeable, shallow-water, very shallowly-buried
sediment would most probably have caused the dissolution and alteration of feldspars and
subsequent kaolinite precipitation (Hurst and Irwin 1982; Hayes and Boles 1992). Additionally,
shallowly-buried carbonate bioclasts would have been susceptible to dissolution by aggressive
CO2-charged meteoric waters (Al-Ramadan et al. 2005), and in many petrographic examples of
this study, carbonate bioclasts and cement exhibit evidence of at least partial dissolution. Warm
humid conditions, which characterised much of the Late Cretaceous (Francis and Frakes 1993),
may have provided abundant rainfall in the hinterland. The condensed section at Highwood
River is interpreted to have accumulated on a flexural arch that received minimal clastic material
over several 100 kyr (see Ch. 7 for further discussion). The long residence time of sediment at
shallow burial depths in a shallow-water and near-shore environment suggests that the sediment
comprising the condensed interval at Highwood River was susceptible to repeated relative sea
level rises and falls, during which meteoric water incursion would have accompanied the relative
sea level fall events (e.g. McKay et al. 1995), and interaction of these waters with bioclast-rich
sediment promoted the precipitation of early diagenetic kaolinite (Worden and Morad 2003).
Giles and de Boer (1990) have suggested that depths of up to about 530 m can be influenced by
meteoric waters, involving corresponding leaching of aluminosilicates.
Organic acid complexation may provide an additional mechanism for dissolving feldspars
and improving the solubility and mobility of Al in pore waters (Surdam et al. 1984; Fein 1994;
Maliva et al. 1999). A study by Fein (1994) argued that the aqueous complexation of aluminum
with difunctional carboxylic acids could significantly increase the mobility of aluminum during
diagenesis. The formation of organically-complexed aluminum would serve to increase the
concentration of dissolved aluminum in pore waters (Surdam et al. 1984; Crossey et al. 1986).
The organo-aluminum complexes would be prone to bacterial degradation and release of
aluminum from the organic compound, providing a source of aluminum for kaolinite
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precipitation (Maliva et al. 1999). Furthermore, the dissolution of some aluminosilicate minerals
would have consumed organic acids and raised the pore-water pH, resulting in the relatively
rapid precipitation of kaolinite – the solubility of kaolinite has been suggested to increase very
sharply as neutral pH values are approached (Curtis 1983). Some studies (e.g. Giles and de Boer
1990) have cautioned the mechanism of increased Si and Al solubility and mobility by organicacid complexation in promoting extensive kaolinization. In contrast, other authors have
suggested that mobilization of silica and aluminum from detrital components by microbiallymediated processes may be a significant process during early diagenesis – a process that requires
further investigation (Milliken et al. 2012). In samples from the Cutpick Hill section,
kaolinization of feldspar has produced clearly visible feldspar moulds. The alteration of feldspar
to kaolinite may have occurred at depth by interaction with acids generated from the thermal
maturation of organic matter (e.g. Surdam et al. 1989).
4.3.6 Accessory Authigenic Minerals

Valentine and Commeau (1990) suggested that due to the low permeability of ‘shales’,
the TiO2 content in fine-grained rocks can be attributed primarily to recycled and diagenetic
rutile from sandstone sources. In contrast, an analysis of mudstone of the Puskwaskau Formation
has revealed that TiO2 content is attributable mainly to in situ authigenesis. The source of
titanium for titania authigenesis is most probably due to the dissolution of primary Ti-bearing
minerals that released titanium to pore waters (Morad and AlDahan 1982; 1986). Common Tibearing minerals include ilmenite, biotite, hornblende, and pyroxene (Valentine and Commeau
1990). During early diagenesis, pore waters enriched in titanium later re-precipitated this
titanium as titania in interstitial pores (Schulz et al. 2016). The co-occurrence of titania with
kaolinite and marcasite suggests precipitation under low pH pore waters related to flux of
meteoric water (Rickard et al. 1995; Pe-Piper et al. 2011). The association, and in some cases,
replacement of fluorapatite by titania, may be due to the dissolution and replacement of apatite
by solutions rich in titanium. The finely crystalline form of authigenic titania may in fact be
leucoxene, an alteration product of titanium minerals that commonly fill intergranular pore space
(e.g. Morad and AlDahan 1982). The timing of barite precipitation is difficult to assess as this
mineral is rare and only observed in samples of the Cutpick Hill section. The presence of barite
indicates an interaction between Ba and SO4. Barite commonly precipitates in the sulphate
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reduction zone through barite dissolution followed by barite re-precipitation (Griffith and Paytan
2012).
4.4 Controls on Diagenesis
Microfacies analysis of samples from the Burnt Timber Creek, Cutpick Hill, Highwood
River, and Smoky River sections, as well as from core, revealed a grain assemblage dominated
by silicate minerals – quartz, feldspars, and micas – as well as minor organic matter and rare
calcareous fecal pellets. These stratigraphic successions consist of a variety of mudstone to sandy
mudstone microfacies (see Chapter 3), whereby clay is a matrix component present in varying
amounts. In contrast to these siliciclastic-dominated sections, the condensed section at Highwood
River is dominated by a grain assemblage of carbonate grains, phosphatic material, and wood.
Silicate minerals are minor, and clay is absent. The diagenetic assemblage of the siliciclasticdominated successions and the condensed section (refer to Table 4.1) is similar, however, the
clastic successions contain up to 5 % bulk volume cement and samples from the condensed
section contain up to 50 % bulk volume cement. These observations suggest that grain texture
and composition exerted a major control on the chemical and mechanical diagenetic pathways of
the primary sediment.
Bioclastic sandstone exhibits a well-sorted texture with little to no detrital clay, and at the
time of deposition, was probably characterised by an initial sediment of high intergranular
porosity. Wood and phosphatic material are plentiful, and provided microbes with abundant
bioavailable reductants. Moreover, the degradation of labile organic compounds by microbial
activity resulted in significant geochemical changes to the pore fluid, that included changes in
alkalinity, pH, and the release of reactive ions. The formation of early authigenic cements was
facilitated by the well-sorted texture of the sediment that enhanced porosity and permeability,
thereby allowing ion transfer by interparticle flow. Framework grains in the condensed section
were heavily altered by reactive pore fluids and grains exhibit significant replacement by
authigenic cement. Chemical reactions in the sediment continued until primary pore space was
filled with cement, resulting in a diagenetically-altered sediment with up to 50 % of its volume
occupied by cement. These observations suggest a negative response (feedback) between
primary sediment texture and reservoir quality, in which a well-sorted, porous and permeable
sediment with a significant amount of organic matter and carbonate, had its high initial porosity
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and permeability significantly reduced by microbially-controlled authigenesis. In contrast,
mudstones and sandy mudstones are typically poorly to moderately sorted, and permeability was
probably affected by the presence of clay, which hindered interparticle flow. In comparison to
bioclastic sandstone, cement comprises up to 5% of bulk volume. The similarity of diagenetic
assemblages between sampled outcrop sections suggests that microbial processes of a similar
nature were occurring throughout the Santonian stage, and that the limiting factors on
authigenesis were the abundance of bioavailable reductants, the texture of the sediment, as well
as time.
The rate of accommodation within the Foreland Basin and the nature of the grain flux
(siliciclastics, carbonates, and organic matter) controlled primary grain-scale characteristics (i.e.
grain texture and composition) in sediment of the Puskwaskau Formation. Isopach maps (see
Chapter 6) reveal that rocks represented by the Burnt Timber Creek, Cutpick Hill, and Highwood
River sections record a high accommodation environment throughout the Santonian stage. These
proximal foredeep sites were dominated by a storm-driven flux of detrital siliciclastics (mostly
silicate minerals), and the sediment probably experienced relatively rapid burial and compaction.
In contrast, the condensed section at Highwood River is dominated by carbonate, wood, and
phosphatic material, and minor silicate minerals. An extensive diffusive flux of ions from
seawater, and a buildup of reactive electron acceptors and reaction products within the pore
waters of the sediment was promoted by the long residence time (due to minimal subsidence and
reduced sedimentation rates) of sediment near the seafloor at very shallow burial depths.
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Chapter 5: Allostratigraphy of the Puskwaskau Formation
5.1 Introduction: The Allostratigraphic Approach
An allostratigraphic approach to correlation (North American Commission on
Stratigraphic Nomenclature 2005) provides a practical method for subdividing the rock record
into mappable rock bodies defined by bounding surfaces. Bounding surfaces are erosional
discontinuities, and in this study, consist mainly of marine flooding and transgressive surfaces.
Moreover, these bounding surfaces are readily recognizable in wireline (well) logs and provide a
proxy for time lines. The correlation of bounding surfaces establishes an allostratigraphic
framework and allows for a succession to be divided into genetic ‘time-equivalent’ packages. In
allostratigraphic correlation, the regional extent of mappable units relies upon the traceability of
the surfaces that bound such units. In contrast, lithostratigraphic correlation relies upon the
tracing of rock type (i.e. lithology). The hierarchy of allostratigraphic units, in order of
decreasing rank, is allogroup, alloformation, and allomember (North American Commission on
Stratigraphic Nomenclature 2005). The Puskwaskau alloformation is a subdivision of the
Colorado allogroup (cf. Plint et al. 2012b) and consists of 14 allomembers that are bounded by
marine transgressive or flooding surfaces (cf. Hu and Plint 2009). Due to an abundance of
readily available wireline logs, the Western Canada Foreland Basin provides an exceptional
natural laboratory in which to investigate the depositional history of the mudstone-dominated
Puskwaskau Formation.
5.2 Previous Allostratigraphic Framework of the Puskwaskau Formation
Hu (1997) and Hu and Plint (2009) undertook a regional allostratigraphic study of the
Puskwaskau Formation wherein 14 informal allomembers, labelled A to N in ascending order,
were identified. Each allomember consists of one or more siltier- and sandier-upward
parasequences and are bounded by marine flooding surfaces. In most cases, these marine
flooding surfaces are regionally-extensive and can be traced for hundreds of kilometers in the
subsurface. Twelve allomembers fall naturally into 3 larger stratigraphic packages that were
informally termed ‘units’ by Hu and Plint (2009). Unit 1 consists of allomembers A to D, unit 2
consists of allomembers E to H, and unit 3 consists of allomembers I to L (Fig. 1). The practise
of organizing allomembers into larger stratigraphic units was also employed in stratigraphically
older alloformations of the Colorado Allogroup that include, for example, the late Albian to early
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Cenomanian Westgate and Fish Scales alloformations (Roca et al. 2008), the Cenomanian to
Turonian Kaskapau alloformation (Varban and Plint 2008b) and the Coniacian Muskiki and
Marshybank alloformations (Plint 1990; Grifi et al. 2013; Hooper and Plint 2016).
5.3 Method
Gamma ray logs record the natural gamma-ray emission (radioactivity) of a rock which is
related to the proportion of radiogenic isotopes of potassium (40K), thorium (232Th), and uranium
(238U; Cant 1992). A high gamma ray count typically corresponds to mudrocks due to the high
potassium and/or thorium content associated with clay minerals. Organic-rich mudrocks (see for
example microfacies #7) have exceptionally high gamma ray signatures due to the adsorption of
abundant uranium onto organic matter (Swanson 1960). In contrast, a low gamma ray count
corresponds to clay- and organic-poor rocks such as sandstones or limestones. The level of
radioactivity displayed in a gamma ray log is measured in American Petroleum Institute (API)
units.
Resistivity logs record the resistance of interstitial fluids to the flow of an electric current
(Cant 1992). The resistivity of a formation depends upon the porosity of the rock and the nature
of the fluids that may fill the pore spaces. For example, rocks that are intrinsically of a low
porosity such as coals and heavily-cemented limestones will resist the flow of an electric current
and record a high resistivity. Additionally, pore fluids that consist of hydrocarbons, gas, and
fresh water will record a high resistivity. Rocks that are rich in clay minerals and pyrite exhibit
conductive properties and will have little resistance to the flow of an electric current and hence
record a low resistivity. Resistivity is measured in ohm-metres (ohmm). An abrupt decrease in
the resistivity signature and an increase in the gamma ray signature is primarily due to an
increase in the clay content in the rock, and in a shallow-marine succession, is a typical
indication of a marine flooding surface. When used together, gamma ray and resistivity logs
provide a good basis for the allostratigraphic correlation of stratified rocks that exhibit a
repetitive coarsening-upward pattern and are bounded by abrupt marine flooding surfaces.
In total, 988 gamma ray and/or resistivity logs were selected and constructed into a grid
of 35 regionally-extensive cross-sections that cover an area of 50,000 km2. Cross-sections were
constructed from the northeastern part of the Hu and Plint (2009) study area, and extended 500
kilometres eastward beneath the Plains. Fourteen allomember-bounding marine flooding surfaces
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originally recognized by Hu and Plint (2009) were carefully traced throughout the grid of crosssections. Ten regionally-extensive cross-sections are presented in this chapter to summarize and
illustrate the stratigraphic relationships and geometries in the study area. Four correlation lines
oriented North-South are approximately parallel to depositional strike and are labelled with
numbers. Six correlation lines oriented West-East are approximately parallel to depositional dip
and are labelled with letters. The location of these cross-sections is illustrated in Figure 5.3. In all
cross-sections, gamma ray logs are displayed on the left and resistivity logs are on the right
(Figure 5.2). The top of allomember D was selected as a datum because it is present throughout
the entire study area – i.e. allomember D does not lap-out and is not eroded. In the northeast
region of the study area, allomembers L and M become impossible to correlate east of ranges
14W4 to 11W4 because the rocks lay behind surface well casing.
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Figure 5.1 – Principal Upper Cretaceous stratigraphic units and their lithostratigraphic and
allostratigraphic classification. The lithostratigraphic notation is applicable north of the Athabasca
River and is based on Stott (1967). The allostratigraphic notation is based on Plint et al. (1986; 1987),
Donaldson et al. (1998), Plint (2000), Varban and Plint (2008b), Hu and Plint (2009), and Plint et al.
(2017). Unless the alloformation is noted, the allomembers in the ‘Allostratigraphy’ column
correspond to the laterally adjacent formations in the ‘Lithostratigraphy’ column.
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Figure 5.2 – Example of a gamma ray and resistivity logs of the Puskwaskau Formation and
underlying Bad Heart alloformation and Marshybank Formation. Allomembers are bounded by marine
flooding surfaces (example arrowed). Gamma ray and resistivity curves both increase to the right.
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Figure 5.3 – Location of summary cross-sections presented in this chapter. Approximately dip-oriented lines are labelled alphabetically (A
through F), and approximately strike-oriented lines are labelled numerically (1 through 4).
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5.4 Index of Cross-sections:
Approximately dip-oriented cross-sections:
Figure 5.4 – Line A
Figure 5.5 – Line B
Figure 5.6 – Line C
Figure 5.7 – Line D
Figure 5.8 – Line E
Figure 5.9 – Line F

Approximately strike-oriented cross-sections:
Figure 5.10 – Line 1
Figure 5.11 – Line 2
Figure 5.12 – Line 3
Figure 5.13 – Line 4
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5.5 Approximately dip-oriented cross-sections
The Bad Heart alloformation is thickest in the west (~ 20 m at its thickest) and consists
typically of one or two prominent parasequences (line F, Fig. 5.9). In some places, however, the
Bad Heart may comprise an upward-coarsening to upward-fining succession (line A, around
range 1W5, Fig. 5.4). From north to south, the Bad Heart alloformation laps out progressively
southeastward when traced along the dip-oriented lines. When traced from both the west and the
east in line E, the Bad Heart laps out before range 17W5 (Fig 5.8). Moreover, the Bad Heart
alloformation laps out onto its basal erosion surface – a surface that progressively truncates the
underlying Marshybank and Muskiki formations from southwest to northeast (cf. Plint and
Walker 1987; Donaldson et al. 1998; 1999).
Within the study area, the Puskwaskau Formation is 190 m-thick in the southwest and
thins to around 40 m in the southeast, over a distance of 500 km (line A, Fig. 5.4). The
Puskwaskau Formation is 105 m thick in the northwest and thins to around 30 m in the northeast,
over a distance of 500 km (line F, Fig. 5.9). Units 1 (allomembers A to D) and 2 (allomembers E
to H) are thickest in the west (west of the 5th meridian). Unit 3 (allomembers I to L) is thicket in
the central part of the study area (i.e. away from the orogen and proximal foredeep) and thins to
the west.
In the most northerly dip-oriented line (line F, Fig. 5.9), allomember C laps out east of
range 14W5 and the uppermost part of allomember C consists of a highly radioactive interval
that becomes indistinguishable from the uppermost part of allomember B. Additionally,
allomember C re-appears east of range 4W5, and allomembers B and C, that are 1 – 3-m-thick,
continue eastwards where their top surfaces are characterised by a high gamma ray signature.
Near the Saskatchewan border, allomember C becomes indistinguishable from allomember B
and ultimately becomes indistinguishable from allomember A.
The uppermost part of allomember D becomes highly radioactive in line T66 east of 7W4
and throughout most of its extent in lines E and F (Figs. 5.8 and 5.9). Allomember E consists of
1 to 2 prominent parasequences that thin and lap-out onto the top surface of allomember D to the
east. In the study area, allomember F is regionally-extensive and terminates by lap-out in the
northwest in lines E and F (Figs. 5.8 & 5.9).
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Anomalous thin spikes of low gamma ray and a high resistivity signature occur within
allomember F around ranges 4W5 to 25W4 in the study area. Additionally, these thin spikes are
also observed in allomember A (line A range 14W4, Fig. 5.4) and allomember C (line D range
7W4, Fig. 5.7). These distinct spikes are identified in wells that are located several hundreds of
kilometres from the orogenic margin and proximal foredeep. In cores of the underlying Muskiki
Formation in southern Alberta, similar thin spikes correspond to calcite-cemented calcareous
mudstones (Grifi 2012). The thin spikes observed in the present study of the Puskwaskau
Formation are most probably of a similar nature, and are interpreted to represent periods of very
slow sedimentation in which calcareous sediment rich in pelagic coccoliths was deposited.
Allomember G becomes indistinguishable from allomember F east of range 11W4 (lines
A & B, Figs. 5.4 & 5.5). In all approximately dip-oriented lines, the top of allomember H
becomes increasingly radioactive when traced east of range 1W6. This surface represents an
organic-rich, sediment-starved interval (see Chapter 7). Moreover, the top of allomember H
approximates the top of the First White Speckled Shale, a regional lithostratigraphic marker
horizon in the Colorado Group (Goodman 1951; Schröder-Adams et al. 1997; Tu et al. 2007).
Although not as radioactive as allomember H, the uppermost part of allomember G shows an
increasing gamma ray signature when traced eastwards in the study area.
In all dip-oriented cross-sections, the uppermost part of allomember I gradually becomes
indistinguishable from allomember H. Allomember J extends east of allomember I, but similarly
to allomember I, the uppermost part of allomember J gradually becomes indistinguishable from
allomember H when traced east in the subsurface. Allomember K is characterised in the most
easterly wells by an upward-fining followed by an upward-coarsening succession (see for
example line F, Fig. 5.9). In line F, a high gamma ray signature separates the upward-fining from
the overlying upward-coarsening succession. In the northwestern region of the study area
allomembers J and K are truncated by the base of allomember L – an observation originally
documented by Hu and Plint (2009) and interpreted as forced regressive erosion due to uplift of
the Peace River Arch.
Allomember L thickens abruptly east of range 21W5 and this rapid thickening is
observed in all the approximately dip-oriented cross-section. Moreover, the thickening trend of
allomember L appears to have reactivated because allomember M thickens in the same
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geographic areas as allomember L. In line D, allomember M is bevelled off by an erosional
surface that defines the base of the Wapiti Formation (line D, Fig. 5.7). In the west of the study
area, allomember N consists of one to two upward-coarsening successions that lap-out eastwards
onto the top of allomember M around ranges 21W5 to 17W5 (e.g., line A, Fig. 5.4).
5.6 Approximately strike-oriented cross-sections
The Bad Heart alloformation consists of two prominent upward-coarsening successions
(i.e. parasequences) that in the most westerly strike-oriented line, thin and lap-out to the south
(line 1; Fig. 5.10). In the most southerly well in line 3 (Fig. 5.12), the Bad Heart alloformation is
characterised by an upward-coarsening to upward-fining succession that, when traced northward,
transitions to an upward-coarsening succession that laps out to the north.
The north-south cross-sections approximate the regional strike of the Puskwaskau
Formation and each correlation line spans approximately 100 kilometres. In the most westerly
strike line (line 1, Fig. 5.10), the Puskwaskau Formation thins northward from 210 to 105 metres.
250 km to the east (line 3, Fig. 5.12) the Puskwaskau Formation thins northward from 106 to 76
metres. Note that due to surface well casing, allomembers L and M were impossible to trace east
of around ranges 14W4 to 11W4, and therefore the total thickness represented in line 4 (strike
line 500 km to the east of line 1) may in fact be much greater.
In all strike-oriented lines, the bounding surfaces of allomembers A to C mostly parallel
each other. In line 2 (Fig. 5.11) the uppermost part of allomember C is marked by a high gamma
ray signature that becomes indistinguishable from allomember B when traced northward. In line
3 (Fig. 5.12), allomembers A and B lap out to the north onto the top of the Bad Heart
alloformation. Additionally, a 1-m-thick succession of allomember B laps out to the south. In
line 3, the uppermost part of allomember D is characterised by a high gamma ray signature that
becomes increasingly radioactive when traced northward. In the most easterly strike line (line 4,
Fig. 5.13) the uppermost part of allomember C becomes indistinguishable from the highly
radioactive interval that comprises the uppermost part of allomember B. Furthermore, the highly
radioactive uppermost part of allomember B becomes indistinguishable from the uppermost part
of allomember A to the north.
In the most westerly strike line (line 1, Fig. 5.10), allomembers E and F thin towards the
north and lap-out onto the top surface of allomember D. Allomember F is traceable ~20
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kilometres northward of allomember E in the subsurface. Additionally, a 4-metre-thick upwardcoarsening succession of allomember E thins from the north towards the south. However, when
traced from both the south and the north, allomember E laps-out before township 66. In line 2
(Fig. 5.11), allomember E is a 2-metre-thick package that thins and laps-out 40 kilometres to the
north. In lines 2 and 3 (Figs. 5.11 & 5.12), allomember F is characterised by a ‘hot mudstone’
zone, which is defined by a high gamma ray signature that becomes progressively sandier
northward. Additionally, there are thin ‘spikes’ of low gamma ray and high resistivity within
allomember F, particularly in wells 60-1W5 to 64-1W5 in line 3 (Fig. 5.12). These anomalous
thin spikes are interpreted similarly as in the dip-oriented lines – calcareous mudstone deposited
in a sediment-starved setting.
In lines 2 and 3 (Figs. 5.11 & 5.12) the uppermost parts of allomembers G and H show a
high gamma ray signature, that when traced to the south, define a ‘hot mudstone’ zone whereby
the uppermost surface of allomember H is distinctively more radioactive than the uppermost
surface of allomember G. Eventually, allomember G laps out and becomes indistinguishable
from the uppermost part of allomember F (line 3, Fig. 5.12).
In line 1, northward bevelling of allomembers J and K has taken place through forced
regressive erosion by the basal erosion surface of allomember L. In line 3 (Fig. 5.12),
allomember J is a 1- to 2-metre-thick package that becomes indistinguishable 60 km to the south
from the highly radioactive uppermost part of allomember H. In the most westerly line,
allomembers L, M, and N show a consistent tabular geometry and their bounding surfaces are
remarkably parallel. This parallel alignment is also characteristic of allomembers L and M on a
strike line 250 km to the east of line 1 (line 3, Fig. 5.12). Allomember N laps out before line 3.
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Chapter 6: Patterns of Subsidence and Controls on
Sedimentation
6.1 Introduction
The Santonian to Campanian Puskwaskau alloformation of the Colorado allogroup (sensu
Roca et al. 2008) is dominated by marine mudstone and siltstone that is interpreted to have been
deposited in water no more than a few tens of metres deep, and up to several hundred kilometres
from shore (Hu and Plint 2009; Plint et al. 2012b). Moreover, the generally muddy facies that
comprises the succession are interpreted to represent an environment that can be described as a
shallow, extremely low-gradient ramp-type shelf (Hu and Plint 2009; Plint et al. 2012b). The
virtually planar sea-floor had negligible topography and therefore contributed little variability to
total stratal thickness. Therefore, isopach (i.e. thickness) maps of the various components of the
Puskwaskau alloformation can be viewed primarily as a representation of spatial variation in
subsidence, rather than localized differential up-building of the sea floor. To reconstruct the
pattern of subsidence in three dimensions, isopach maps were constructed for each allomember
of the Puskwaskau alloformation, as well as for the underlying Bad Heart alloformation. Isopach
maps were generated with the Surfer 8 mapping software using Kriging as the default algorithm.
Isopach maps did not take account of compaction.
In this chapter, the pattern of subsidence will be described from isopach maps of the Bad
Heart alloformation and 14 allomembers of the Puskwaskau alloformation. A discussion of the
controls on sedimentation will follow, and will include the possible influences of eustasy and
tectonism on controlling cycles of sedimentation. Additionally, the influence of deep-seated
Precambrian structures on patterns of sedimentation and/or subsidence will be evaluated.
6.2 Description of Alloformations and Allomembers
6.2.1 Bad Heart alloformation

The Bad Heart alloformation overlies the regional ‘Basal Erosion Surface’ (BES) of
Donaldson et al. (1998), and is thickest (up to 20 m) in a narrow, NW-SE trending region in the
western part of the study area (Fig. 6.1). The alloformation thins over 50 – 70 km to a zero edge
in the SW, through onlap onto the Marshybank alloformation. To the east, the Bad Heart extends
about 250 km, as an almost sheet-like body, 2 – 8 m thick, before eventually lapping out around
113°W.
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Figure 6.1 – Isopach map of the Bad Heart alloformation; L1 - lineament 1. All contours in metres.
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Note: In this present study, the term ‘depocentre’ is used to refer to regions of subtly greater
depositional thickening.
6.2.2 Allomember A

Allomember A is wedge-shaped and thins from 26 to 0 m, lapping out against the BES.
Isopachs are oriented roughly NW-SE and show a broad region interpreted to reflect flexural
subsidence in the southwestern part of the map (Fig. 6.2). At around Range 20W4, isopachs
become more widely spaced, over an inferred NW-SE-trending lineament, here termed
‘lineament 1’.
6.2.3 Allomember B

Allomember B consists of a thick western depocentre that is largely defined by an E-W
lineament, separated by a subtle region of thinning at about Range 20W4 (Fig. 6.3). In the
western depocentre, isopach lines are rotated to an almost E-W orientation, contrasting with the
NW-SE trend in allomember A.
6.2.4 Allomember C

Allomember C is partitioned by a strong E-W lineament, ‘lineament 2’, that separates a
thin (~2 – 4 m) region in the north from a thicker (~4 – 12 m) region to the south (Fig. 6.4). The
allomember laps out in the extreme NE. The thin region at Range 20W4, visible in allomembers
A and B, is still subtly expressed.
6.2.5 Allomember D

The isopach map for allomember D shows marked thickening to the SW, suggestive of
flexural subsidence driven by the static load of the orogen. A subtle region of thickening persists
in about Range 20W4 (Fig. 6.5).
6.2.6 Allomember E

Allomember E occupies mostly the SW corner of the study area, with the northern
margin of the depocentre being largely defined by an E-W lineament that co-locates with a
similar lineament expressed in allomembers C and B (Fig. 6.6).
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6.2.7 Allomember F

In allomember F, two main depocentres are evident, separated by ‘lineament 1’ (Fig. 6.7).
In the west, allomember F laps out to the NW, whereas the eastern depocentre is partitioned by a
third lineament, ‘lineament 3’, that parallels lineament 1. Lineament 2 is not evident.
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Figure 6.2 – A) Isopach map of allomember A; L1 - lineament 1. All contours in metres. B) Isopach
map of allomember A in the study area (greyscale and semi-transparent) combined as an overlay with
the allomember A isopach map of Hu (1997).
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Figure 6.3 – A) Isopach map of allomember B; L1 - lineament 1; L2 - lineament 2. All contours in
metres. B) Isopach map of allomember B in the study area (greyscale and semi-transparent) combined
as an overlay with the allomember B isopach map of Hu (1997).
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Figure 6.4 – A) Isopach map of allomember C; L1 - lineament 1; L2 - lineament 2. All contours in
metres. B) Isopach map of allomember C in the study area (greyscale and semi-transparent) combined
as an overlay with the allomember C isopach map of Hu (1997).
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Figure 6.5 – A) Isopach map of allomember D. L1 - lineament 1. All contours in metres. B) Isopach
map of allomember D in the study area (greyscale and semi-transparent) combined as an overlay with
the allomember D isopach map of Hu (1997).
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Figure 6.6 – A) Isopach map of allomember E. L2 - lineament 2. All contours in metres. B) Isopach
map of allomember E in the study area (greyscale and semi-transparent) combined as an overlay with
the allomember E isopach map of Hu (1997).
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Figure 6.7 – A) Isopach map of allomember F; L1 - lineament 1, L3 - lineament 3. All contours in
metres. B) Isopach map of allomember F in the study area (greyscale and semi-transparent) combined
as an overlay with the allomember F isopach map of Hu (1997).
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6.2.8 Allomember G

Like allomember F, allomember G is partitioned into two depocentres, partially separated
by lineament 1 (Fig. 6.8). In the western depocentre, isopachs for allomember G are the inverse
of allomember F, with the thickest region in the NW, where F thins to zero. The eastern
depocentre is thickest between lineament 1 and a new, parallel ‘lineament 4’. Allomember G laps
out in about Range 10W4.
6.2.9 Allomember H

The isopach pattern in allomember H is similar to that of allomember G, with two
depocentres bordering a south-central region of minimal subsidence (Fig. 6.9). Allomember H
laps out in about Range 10W4.
6.2.10 Allomember I

Allomember I embodies a pattern of subsidence that differs markedly from all underlying
allomembers (A through H). The isopach map of allomember I shows a simple westwardthickening wedge-shape, with a pinch-out in about Range 15W5 (Fig. 6.10).
6.2.11 Allomember J

Allomember J resembles allomember I, but forms a more acutely-tapered wedge,
pinching out in about Range 24W4 (Fig. 6.11). The allomember also thins markedly in the NW
as a result of erosional truncation by the basal surface of allomember L (cf. Hu and Plint 2009).
6.2.12 Allomember K

Allomember K shows no evidence of thickening adjacent to the orogen, but thins from
south to north, and is partitioned into two subtle depocentres that are separated by the
approximate position of lineament 1 (Fig. 6.12). The allomember is sharply truncated in the NW
by erosion on the base of allomember L.
6.2.13 Allomember L

Allomember L thickens from NW to SE, apparently thickening more rapidly to the south
of lineament 2, which forms a subtle arch (Fig. 6.13).
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Figure 6.8 – A) Isopach map of allomember G; L1 - lineament 2, L4 - lineament 4. All contours in
metres. B) Isopach map of allomember G in the study area (greyscale and semi-transparent) combined
as an overlay with the allomember G isopach map of Hu (1997).
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Figure 6.9 – A) Isopach map of allomember H; L4 - lineament 4. All contours in metres. B) Isopach
map of allomember H in the study area (greyscale and semi-transparent) combined as an overlay with
the allomember H isopach map of Hu (1997).
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Figure 6.10 – A) Isopach map of allomember I. All contours in metres. B) Isopach map of allomember
I in the study area (greyscale and semi-transparent) combined as an overlay with the allomember I
isopach map of Hu (1997).
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Figure 6.11 – A) Isopach map of allomember J. All contours in metres. B) Isopach map of allomember
J in the study area (greyscale and semi-transparent) combined as an overlay with the allomember J
isopach map of Hu (1997).
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Figure 6.12 – A) Isopach map of allomember K; L1 - lineament 1, L3 - lineament 3. All contours in
metres. B) Isopach map of allomember K in the study area (greyscale and semi-transparent) combined
as an overlay with the allomember K isopach map of Hu (1997).
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Figure 6.13 – A) Isopach map of allomember L; L2 - lineament 2. All contours in metres. B) Isopach
map of allomember L in the study area (greyscale and semi-transparent) combined as an overlay with
the allomember L isopach map of Hu (1997).
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6.2.14 Allomember M

Allomember M shows little discernible pattern of differential subsidence except for a
subtle region of thinning overlying lineament 1 (Fig. 6.14). The allomember thins markedly in
the west due to onlap onto allomember L.
6.2.15 Allomember N

Allomember N is wedge-shaped and thins from 12 to 0 m (Fig. 6.15). The isopach map
suggests flexural subsidence in the southwest and northeast. Allomember N laps out completely
to the east between ranges 21W5 and 19W5.
6.3 Stratal Architecture and Basin Physiography
With the exception of the Cenomanian Dunvegan alloformation (Plint 2000; Plint et al.
2009) and the Coniacian Marshybank alloformation (Plint 1990; Plint and Norris 1991; Grifi et
al. 2013), clinothems and stratal bounding surfaces that exhibit downlap or toplap geometries are
rare in strata of the Colorado allogroup. The Puskwaskau alloformation, instead, is characterised
by laterally continuous, parallel to very gently converging stratification, where allomembers
mostly terminate by onlap onto underlying surfaces. This geometric style suggests that the
Santonian to Early Campanian seafloor formed an extremely, low-gradient ramp-type shelf that
probably did not exceed ~50 m in water depth (e.g. Varban and Plint 2008a; Hu and Plint 2009;
Plint et al. 2012a). The spatial and temporal persistence of this shallow ramp is interpreted to
have been maintained by a near equilibrium between the rates of accommodation and sediment
supply (Buckley and Plint 2013). Fine-grained sediment aggraded vertically to a ~horizontal
“mud accommodation envelope” (cf. Varban and Plint 2008a) defined largely by ambient wave
energy (i.e. effective wave-base for mud; cf. Moore and Curray 1964). Once mud accumulated
up to this sub-aqueous ‘accommodation envelope’, storm-driven reworking of the seafloor
served to re-distribute excess muddy sediment further offshore to areas of accommodation. A
similar ramp physiography was documented in the mudstone-dominated Harmon alloformation
(Buckley and Plint 2013; Henderson et al. 2014; Buckley et al. 2016) and the Kaskapau
Formation (Varban and Plint 2008a; 2008b).
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Figure 6.14 – A) Isopach map of allomember M; L1 - lineament 1. All contours in metres. B) Isopach
map of allomember M in the study area (greyscale and semi-transparent) combined as an overlay with
the allomember M isopach map of Hu (1997).
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Figure 6.15 – A) Isopach map of allomember N. All contours in metres. B) Isopach map of
allomember N in the study area (greyscale and semi-transparent) combined as an overlay with the
allomember N isopach map of Hu (1997).
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6.4 Precambrian Basement Structures in the Study Area and Adjacent Regions
Beneath the sedimentary cover in the Western Canada Sedimentary Basin, lies a
Precambrian basement consisting of numerous, highly heterogeneous crustal blocks that are
joined by suture zones (Ross et al. 1994). These crustal blocks, or tectonic elements (i.e.
‘domains’) may embody zones of weakness that are more susceptible to flexure, thus affecting
subsidence, and ultimately, sedimentation (Ross et al. 1989; 1991; Waschbusch and Royden
1992). Moreover, crustal blocks exhibit geophysical anomalies that, when compiled into an
aeromagnetic map, reveal areas of similar lithologic, metamorphic, and structural character
(Pilkington et al. 2000). Aeromagnetic maps provide a geographic representation of
aeromagnetic anomalies, with curvilinear aeromagnetic (positive) highs indicating most probably
magnetite-bearing magmatic belts (Hoffman 1988; Pană 2003), and aeromagnetic (negative)
lows that have a slightly more uncertain character, that may represent, for example, greenstone
terranes (Pilkington et al. 2000), peraluminous plutonic rocks (Ross et al. 1994), or regions of
metamorphism whereby magnetite is oxidized into hematite (Robinson et al. 1985).
There exist few detailed studies that have examined the controlling influence of
Precambrian basement structures on Upper Cretaceous sedimentation in north-central Alberta
(see for exception: Donaldson et al. 1998; 1999). Most of the subsidence patterns in the present
study are difficult to explain in terms of strictly orogen-related flexure. Therefore, it is necessary
to evaluate the influence of deep-seated basement structures on patterns of Puskwaskau
sedimentation. The Buffalo Head Terrane, the Chinchaga Low, the Ksituan High, the Kimiwan
isotopic anomaly, the Snowbird Tectonic Zone, and the Wabamun High all underlie the present
study area (Fig. 6.16). The Buffalo Head Terrane consists of a north-trending, largely magmatic
belt defined by moderately positive aeromagnetic anomalies with aeromagnetic lows and
comprises Paleoproterozoic metaplutonic and subordinate felsic metavolcanic rocks (Ross et al.
1991; Pană 2003). To the south, the Buffalo Head Terrane is truncated against the Wabamun
High across an inferred fault splay from the Snowbird Tectonic Zone (Ross 1990). West of the
Buffalo Head Terrane is the Chinchaga Low, a regionally-extensive aeromagnetic low that is
composed of Paleoproterozoic metaplutonic and metasedimentary gneisses (Ross et al. 1991).
The Chinchaga Low is juxtaposed to the south with aeromagnetically positive rocks of the
Wabamun High (Ross 1990). The strongly positive aeromagnetic signature of the Ksituan High
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Figure 6.16 – Map of the main tectonic and structural elements in the study area. Regions of differing
magnetic intensity are visible in the aeromagnetic map – warm colours correspond to aeromagnetic
highs and cool colours correspond to aeromagnetic lows. The position of the Buffalo Head Terrane,
Chinchaga Low, Ksituan High, and Wabamun High are from Ross and Eaton (2002). The outlines for
the Kimiwan oxygen isotope anomaly (KIA) and the Snowbird Tectonic Zone (STZ) are from Lyatsky
et al. (2005). The four northwest-southeast-trending faults (F1 through F4) are from Donaldson et al.
(1998; 1999). Note the position of the four inferred lineaments (L1 through L4) of this study.
Aeromagnetic map courtesy of Mark Pilkington, GSC.
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contrasts sharply with the adjacent negative aeromagnetic signature of the Chinchaga Low. The
Ksituan High comprises a Paleoproterozoic (1.90 – 1.98 Ga; Ross et al. 1991) magmatic belt
that, together with the Chinchaga and Buffalo Head Terranes, is intersected by numerous
lineaments (Mei 2006). The Kimiwan O-isotope anomaly is a linear northwest-southeasttrending aeromagnetic high that defines the boundary between the Buffalo Head and Chinchaga
terranes (Lyatsky et al. 2005). Southeastward of the Buffalo Head Terrane lies the Snowbird
Tectonic Zone, a prominent crustal discontinuity that extends from the foothills of the Canadian
Cordillera, northeastward to Hudson Bay (Ross and Stephenson 1989; Ross et al. 1994).
Additionally, four northwest-southeast-trending faults (F1 through F4) inferred by Donaldson et
al. (1998; 1999) to have affected Bad Heart sedimentation, intersect the northwestern region of
the study area (Fig. 6.16).
6.5 Tectonic Controls on Sedimentation
To view regional subsidence patterns, isopach maps of allomembers in this study were
overlain on allomember-scale maps of Hu (1997; see Figures 6.2B through 6.15B). In the Hu
(1997) maps, the thickest accumulations of sediment are in the western foredeep and reflect
differential subsidence in response to active advance and thickening of a Cordilleran supracrustal
load (e.g. Plint et al. 2012b; Buckley and Plint 2013). In contrast, maps in the present study
reveal that allomember depocentres show little correspondence with a normal foredeep-forebulge
pattern (e.g. Holt and Stern 1994; Varban and Plint 2008b; Plint et al. 2012b) and most probably
have little to do with orogen-related flexure (cf. Beaumont 1981; Flemings and Jordan 1989;
Jordan and Flemings 1991). Allomember-scale isopach maps in this study are characterised by:
1) subsidence patterns of which isopachs are oriented at a high angle to the proximal foredeep
depocentre, 2) discrete arcuate depocentres in the middle of the basin (100’s of km away from
the foredeep), 3) isopleths that run parallel for hundreds of km, 4) rapid thickness changes in
isopachs, and 5) distinct indentations on contour trends. Given these characteristics, it is
reasonable to postulate that subsidence patterns in north-central Alberta may be explained in
terms of episodic movement on lineament (i.e. fault)-bounded blocks.
Four lineaments are inferred to have influenced Santonian sedimentation in the study area
(Fig. 6.17). Lineament 1 (L1) is oriented roughly NW-SE and forms the northeast limit to the
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Figure 6.17 – Distribution of all inferred basement lineaments (L#). The four northwest-southeasttrending faults (F#) are from Donaldson et al. (1998; 1999). Note the approximately parallel alignment
of lineaments L1, L3, and L4, relative to faults F1 through F4.
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Bad Heart alloformation. L1 forms a broad axis of upwarp over which allomembers A, B, C, D,
F, G, K, and M show marked thinning. In allomembers B, C, and E, ‘lineament 2’ (L2), is an
inferred roughly E-W-trending lineament. In allomembers B and C, L2 forms a hinge line, north
of which these allomembers thin rapidly. L2 is weakly developed in allomember L. Lineament 3
(L3) is oriented parallel to L1 and forms the boundary of the eastern depocentre of allomembers
F and K. Lineament 4 (L4) appears in allomembers G and H. Lineaments 1, 3, and 4 are parallel
to the NW-SE-trending faults inferred by Donaldson et al. (1998; 1999).
Shurr and Rice (1986) defined lineaments as “…zones of structural weakness and/or fault
zones that bound discrete tectonic blocks in the Precambrian basement”. In a study of the
Coniacian to Santonian Niobrara Formation, Shurr and Rice (1986) suggested that recurrent
movement of lineament-bounded fault blocks was the principal control on patterns of
sedimentation in central Montana. Using Landsat images, these authors revealed the presence of
lineament zones up to 80 km wide. In the east-central region of the present study area (Fig. 6.17),
lineaments 1, 3, and 4 may comprise components of a wide lineament zone over 100 km wide.
This regional scale is comparable to the width of the structural zone that contains the four faults
inferred by Donaldson et al. (1998) that were interpreted to have controlled sedimentation of the
Bad Heart alloformation.
Edwards et al. (1995) revealed a distinctive NW-SE- and NE-SW-trending rectilinear
grid of lineaments from magnetic and gravity horizontal gradient vector (HGV) maps in central
Alberta. This orthogonal set of lineaments was interpreted as a fracture grid of steep faults that
extended down into the Precambrian basement. In a study of the Swan Hills Formation in westcentral Alberta, Edwards and Brown (1994) suggested that fractures revealed in HGV maps may
correspond to shallow-dipping shear zones within the Precambrian crystalline basement that, in
turn, propagate up-section into high-angle Phanerozoic normal faults.
Although the lineaments revealed by Edwards and Brown (1994) and Edwards et al.
(1995) are relatively short, these individual lineaments may combine into regional features that
may continue along trend for hundreds of kilometres. It is possible that lineaments identified in
this present study, that are on the scale of > 200 km, are the combined result of several relatively
short lineaments. Moreover, Edwards et al. (1995) showed that numerous, NW-trending
lineaments cut across the NE-trending Snowbird Tectonic Zone (STZ; Fig. 6.18). It is reasonable
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Figure 6.18 – Lineament line drawings of magnetic (upper map) horizontal gradient vector (HGV) and
gravity (lower map) HGV data in central Alberta (from Edwards et al. 1995). The study area of the
present study is slightly to the north of the area illustrated by these HGV maps. STZ - Snowbird
Tectonic Zone; DF - Deformation Front.

211

to postulate that lineaments L1, L3, and L4 of this present study may correspond to some of the
NW-SE-trending lineaments highlighted in the HGV maps of Edwards et al. (1995; Fig. 6.18).
Lineament L2 appears to represent a hinge structure that controls an abrupt thickness
change in Santonian to early Campanian strata. Hu (1997) partly interpreted his isopach patterns
to be the result of basement faulting and inferred eight E-W trending faults in his study of the
Puskwaskau Formation, with fault ‘f7’ approximately co-located with lineament L2 of this study.
Although Hu did not speculate on the origin of these E-W trending faults, the regional
consistency of the subsidence patterns in the combined studies suggests that lineament L2 was at
times, an active deep-seated structure of regional extent. East-west trending faults that penetrate
the Phanerozoic have not been reported in the literature in the Western Canada Sedimentary
Basin; however, in addition to the observations of Hu (1997), there have been noted occurrences
of geological features with the same orientation as L2. East-west oriented features include, for
example, several E-W-trending topographic elements in the upper Albian Viking Formation
(Walker 1995) and the erosional edge of Cambrian strata (Slind et al. 1994); the latter, however,
is oriented roughly NE-SW in the study area.
With exception of lineaments L1, L3, and L4, that are in spatial agreement with the NWSE trending lineaments revealed by Edwards et al. (1995) and interpreted to follow fractures
within the Precambrian crystalline basement, the lineaments observed in the present study
exhibit little correspondence with the Precambrian basement fabrics revealed in the aeromagnetic
map overlay. Ross and Eaton (1999) highlighted the difficulty in correlating Phanerozoic
sedimentation to the reactivation of structures in Precambrian crystalline rocks. Moreover, Ross
and Eaton (1999) suggested that, because the orientation of faults in Cretaceous strata of the
Western Canada Sedimentary Basin do not appear, for the most part, to coincide with basement
structures, a direct control on the reactivation of basement structures on the orientation and
presence of Phanerozoic faults is unlikely. It is here postulated that the inferred lineaments of
this study are due to local faults and/or shear zones in the stratigraphic interval that spans the
underlying sedimentary succession down to the basement-contact. These structures are, however,
very difficult or impossible to image in publicly-available aeromagnetic maps and seismic
reflection data.
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Superimposition of the Puskwaskau lineaments upon a map of the topography of the subCretaceous unconformity (Peterson and MacCormack 2014; 2015) indicates a remarkable
correspondence between the location of lineament L4 and the Edmonton Valley (Fig. 6.19). The
Edmonton Valley constitutes a major paleodrainage system in north-central and southern Alberta
(McLean and Wall 1981; Smith 1994) and is bounded by the Wainwright Highlands and the
Pembina Highlands to the east and west, respectively. Moreover, the Edmonton Valley is a
topographic low on the Paleozoic surface with up to ~ 140 m of relief (Peterson and
MacCormack 2014). A direct spatial correspondence between the geographic position of inferred
lineaments with the sub-Cretaceous paleotopography, might suggest that differential compaction
over the Edmonton Valley may have influenced accommodation during Santonian time.
However, one difficulty with this interpretation is that differential compaction should produce a
continuous region of increased thickness along the length of lineament L4 (i.e. the Edmonton
Valley; cf. Nevin and Sherill 1929; Gómez and Vergés 2005), therefore, the area constrained by
lineament L4 should be represented by a roughly uniform thickness in all the maps. Recent
studies of the mudstone-dominated Harmon alloformation have postulated that regions of
thinning and thickening are due to differential compaction over ridges and valleys on the subCretaceous unconformity (Henderson et al. 2014; Buckley et al. 2016).
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Figure 6.19 – Inferred lineaments superimposed on a shaded relief map of the sub-Cretaceous
unconformity (from Peterson and MacCormack 2014; 2015).
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6.6 Controls on Lineament-Block Tectonics
Isopach maps strongly suggest that subsidence patterns were controlled by localised
structural disturbances that may be related to episodic movement along fault blocks within deepseated zones of weakness. Numerous studies have attributed the episodic movement of lineament
blocks to in-plane stress changes within the plate (cf. Jones 1980; Shurr and Rice 1986; Allen
and Allen 1990; Edwards and Brown 1994). For example, Heller et al. (1993) showed in a
modeling study that a subtle, low-amplitude topography can develop in a heterogeneous elastic
plate in response to changes in intraplate stress levels. Moreover, subtle topographic uplifts
developed in response to differences in the strength of the crust, with strong and weak crustal
blocks undergoing relative displacement. Edwards and Brown (1994) suggested that changes in
stress within a plate resulted in movement along steeply-dipping normal faults that were sourced
from low-angle shear zones that form the boundaries between Precambrian terranes. Donaldson
et al. (1998) speculated that periods of diminished in-plane compressional stress could result in
subtle extension along shallow-dipping shear zones, resulting in block faulting in overlying
Paleozoic and Mesozoic strata. Later, Burwash et al. (2000) concluded that low-angle basement
faults proximal to the Kimiwan isotope anomaly were crustal extensional structures that probably
resulted in localised movement up-section, along Paleozoic-age (and probably younger) faults.
Although foreland basins form in convergent settings, they are characterised locally by
extension, not contraction (cf. Bradley and Kidd 1991). It is reasonable to speculate that
movement along lineaments within the study area was controlled by changes in the magnitude of
in-plane stresses within the plate, associated with orogen-related flexure. Movement due to local
structural disturbances within a lineament zone would result in discrete grabens and halfgrabens, and ultimately, localized areas of accommodation and subsequent sedimentation (e.g.
Edwards and Brown 1994; Donaldson et al. 1998; 1999).
6.7 The Effect of Eustasy and Relative Sea Level Change on Sedimentation
The Puskwaskau alloformation consists of 14 allomembers that are bounded by regional
marine flooding or transgressive surfaces. These allomember-bounding surfaces can be traced for
several hundreds of kilometres along-strike and down-dip from the orogen (see Figures 7.2, 7.3,
and 7.4 in Chapter 7). Moreover, these surfaces bound upward-coarsening successions, each of
which indicates a temporary increase in the accommodation to supply ratio. An absence of
forced regressive shoreface sandstones in allomembers A to K (cf. Hu 1997; Hu and Plint 2009)
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may be attributed to a relatively high rate of flexural subsidence, that either equalled or exceeded
the rate of high-frequency eustatic falls, ultimately suppressing relative sea-level falls and forced
regressions (Varban and Plint 2008b). Allomember L, in contrast, was shown by Hu and Plint
(2009) to consist of up to eight, sharp-based, swaley cross-stratified sandstone bodies. The
presence, and progradational nature of these shoreface sandstones implied shoreface
progradation during a period of relative sea-level fall, probably largely attributable to eustasy.
The lateral continuity (over hundreds of kilometres) of marine flooding surfaces that
bound allomembers, suggests that depositional cyclicity was a response to allogenic forcing,
controlled primarily by two allogenic processes: tectonism and eustasy (Miall 2016).
Allomembers in the western foredeep have a wedge-shaped geometry (see Hu 1997 overlays)
which suggests that shoreline transgression may be reasonably explained by pulses of loadinduced tectonism. However, tectonically-induced subsidence is generally geographically
localized (e.g. at a regional scale < 300 km; cf. Plint et al. 2012b). The lateral continuity of
allomember-bounding surfaces (up to ~ 850 km along the strike of the proximal foredeep when
viewed on the provincial-scale maps, see Figures 7.2, 7.3, and 7.4 in Chapter 7), suggests that
relative sea level changes were a primary mechanism in driving short term periods of imbalance
in the accommodation to supply ratio. Individual allomembers generally consist of several
stacked upward-coarsening packages (i.e. parasequences) that appear to record short term cycles
of relative sea level rise and fall. Along the western edge of the study area, most allomembers
comprise approximately ~ 3 to 5 parasequences. It is reasonable to speculate that these sea-level
oscillations are most probably due to high-frequency (order of ~ 38 - 63 kyr – each allomember
records ~ 190 kyr) eustatic changes that took place on a much shorter time scale than the pulses
of tectonically-driven subsidence. Glacioeustasy is the most probable cause for high-frequency
eustatic change during the Late Cretaceous (Plint 1991; Miller et al. 2003; Jarvis et al. 2006;
Plint and Kreitner 2007).
6.8 Tectonic and Depositional History of the Puskwaskau Formation
The combined influence of tectonism and relative sea-level change on the history of the
Puskwaskau Formation can now be described. This section incorporates data revealed by this
present study, Hu (1997), and Hu and Plint (2009). In north-central Alberta, broad tilting up to
the northeast, resulted in extensive shallow-marine (and possibly subaerial) erosion, forming the
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Basal Erosion Surface (BES). Following regional beveling by the BES, the Bad Heart
alloformation was deposited over a region that was influenced by the episodic movement of four
NW-SE-trending fault-bounded basement blocks. The eastern lap-out limit of the Bad Heart was
probably controlled by upwarping of the NW-SE-trending lineament L1.
Marine transgression accompanied a new phase of flexural subsidence, and the Bad Heart
alloformation was blanketed by marine mudstone of the Puskwaskau Formation. Thrust sheets
advanced and thickened in southwestern Alberta, resulting in an arcuate depocentre that was
filled by allomember A. Simultaneously, in the northeast, movement along lineament L1
generated a broad region of low subsidence towards the craton. Subsequently, as the position of
active deformation within the Cordillera shifted slightly northwestward, allomembers B and C
filled arcuate-shaped depocentres that developed adjacent to the orogen. In central Alberta,
lineament L2 acted as a hinge, constraining subsidence on the southern flank of the lineament
block (Fig. 6.20a). Similarly, lineament L1 acted as a broad region of upwarp, generating
subsidence in a cratonward direction (Fig. 6.20a). Allomember D time was characterised by
continuous thrust-sheet loading in approximately the same locus as in allomembers B and C.
Movement along lineament L1 may have produced a region of thickening to the east, possibly
with slightly more displacement on the northeastern edge of the block.
A major shift in the position of the advancing accretionary wedge took place along the
Cordillera between allomember D and E time. Lineament L2 was reactivated in allomember E
time, constraining subsidence, and ultimately, sedimentation to the south. Basinward, a major
mud-on-mud disconformity characterised most of the northeastern part of the basin, which may
have been due to limited subsidence beyond the lap-out limit, controlled, primarily, by vertical
movement along lineament L2. Flexural subsidence in the northwest was driven by active
thickening in the adjacent orogen (Fig. 6.20b). Moreover, orogen-related flexure resulted in
uplift of a contemporaneous forebulge, whereby most of unit 2 time was characterised by
extensive sediment starvation in central and southern Alberta. Changes in the magnitude of inplane stresses within the plate may have resulted in vertical movement within the ~ 100 km wide
lineament zone of lineaments L1, L3, and L4, and ultimately, may have controlled the position of
the northeastern arcuate sub-depocentres in allomembers F, G, and H time. Subtle uplift of the
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Peace River Arch (cf. O’Connell 1994) may have resulted in erosion of allomember F in the
northwest.
A geologically instantaneous shift in the region of flexural subsidence took place in the
southwest, in response to renewed thrust-sheet advancement in the adjacent orogen (Fig. 6.20c).
A renewed southern foredeep provided an active depocentre for allomember I. Subsequently, the
advance of thrust sheets in the orogen was subdued during the deposition of allomember J,
resulting in a relatively uniform thickness distributed across the basin. In allomember K time,
two active loading centres developed in the western foredeep, with a third depocentre possibly
controlled by roughly E-W-trending basement faults in central Alberta. Moreover,
contemporaneous movement along lineament L1 formed a broad axis of upwarp, that together
with lineament L3, underwent active movement, producing a discrete region of subsidence in the
northeast. Regional tilting in the northwest combined with a relative sea level fall, marked the
end of deposition of allomember K, and the onset of forced regression, which caused northeastward progradation of shoreface sandstone bodies (allomember L). The base of allomember L
progressively truncated allomembers K, J, I, and H, from south to north. Subsequent
transgressive ravinement resulted in overlying transgressive mudstone of allomember M,
whereby allomember M appears to have filled in bathymetric relief cut into the top of
allomember L. Subtle displacement along lineament L1 may have caused the cratonward
thinning of allomember M and may explain the proximity of the observed lap-out limit with the
position of L1. As transgression continued, allomember N filled a localized depocentre that
developed most probably in response to an orogenic load in the northwest. With the exception of
allomember L, the Santonian to early Campanian seafloor was characterised by repeated storm
action, where storm waves re-suspended mud across the shallow ramp and mud accumulated up
to a ‘mud accommodation envelope’, perhaps as shallow as a few tens of metres. Ultimately, this
mechanism of repeated storm re-grading resulted in a planar surface that was almost parallel to
the sea surface.
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(next page)
Figure 6.20 – A schematic overview of the tectonic history of the Puskwaskau Formation in
central to north-central Alberta. a) Thrust sheet advance and thickening occurred in the
western orogen during unit 1 (allomembers A to D) time. Episodic movement along
lineaments L1 and L2 generated localised horst and graben structures (see insets). These
structural features provided localised regions of accommodation that were subsequently filled
with sediment. b) During unit 2 (allomembers E to H) time, the locus of active thickening in
the orogen shifted to the northwest. The localisation of flexural subsidence in the north
resulted in limited to nil subsidence in the south. Lineaments L1 through L4 underwent
episodic movement during unit 2 time. c) In unit 3 (allomembers I to L) time, flexural
subsidence was renewed in the south as thrust-sheet activity shifted to the southwest.
Localised regions of subsidence revealed in isopach maps (Figs. 6.12, 6.13) may be explained
by episodic movement along lineaments L1 through L3. Refer to section 6.8 for a more
detailed discussion. Pusk. - Puskwaskau Formation; M. - Mesozoic; P. - Paleozoic; Pr. Proterozoic.
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Chapter 7: Condensed sections in the Upper Cretaceous
Puskwaskau Formation
“I regard it as very significant that these bands contain phosphatised and other
concretionary matter only, without any extraneous pebbles. They are, in fact, ‘condensed beds,’
due, as I believe, to current-action and temporary non-sedimentation; and they afford no
indication that the area was raised above sea-level” (G.W. Lamplugh, 1924, p. 27).
7.1 Introduction
In a sedimentological sense, the terms “condensation” and “condensed” denote,
respectively, the process of reduced sediment accumulation rate and a deposit which is thin and
has formed during a long period of time (Föllmi 2016). Jenkyns (1971, p. 330, 348) defined a
condensed sequence (i.e. a condensed ‘section’) as “a bed that is considerably reduced in
thickness relative to another of equal age, and whose origin is a product of minimal net
sedimentation”. Nearly two decades later, the term ‘condensed’ became associated with seismic
and sequence stratigraphic terminology (Loutit et al. 1988; Posamentier 1988; Van Wagoner et
al. 1988; Vail et al. 1991). Loutit et al. (1988, p. 186) described condensed sections as “thin
marine stratigraphic units consisting of pelagic to hemipelagic sediments characterized by very
low-sedimentation rates”. In a sequence stratigraphic context, “the condensed section
incorporates slowly accumulating sediments laid down in the distal parts of both the
transgressive and the highstand deposits” (Loutit et al. 1988, p. 188). Loutit et al. (1998) defined
a condensed deposit in relation to sediment starvation generated during relative sea level rise.
Although Jenkyns (1971) based his terminology of a condensed section on a single ‘bed’, his
definition is extended in this present PhD study to allomember(s) encompassing numerous beds,
whereby allomember(s) that are thick in one region of the Western Canada Foreland Basin, are
greatly reduced in thickness elsewhere in the basin.
The aim of this chapter is to provide an analysis of condensed sections in the study area.
The regional distribution and sedimentological characteristics of two, diachronous, sedimentstarved intervals will be presented. This chapter will then conclude with a discussion of possible
tectonic and eustatic controls on sedimentation.
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7.2 Methods
To examine the regional distribution of Puskwaskau (and Wapiabi) strata in the Western
Canada Foreland Basin, gamma ray and/or resistivity logs from ~ 3000 wells were used to
construct a grid of working cross-sections over an area of 180 000 km2. This subsurface data set
stems from three studies: Hu (1997), Ibrahim (2018), and this present PhD study. Regionallyextensive marine flooding surfaces that delineate 14 allomembers were traced in the subsurface,
and the thickness of each allomember, as well as the thickness of the associated unit (unit 1 –
allomembers A to D; unit 2 – allomembers E to H; unit 3 – allomembers I to L) were measured,
from which provincial-scale isopach maps were generated.
Samples were collected in north-central and southern Alberta. Microtextural analysis of
these samples involved a combination of optical microscopy of large thin sections (50 x 75 mm),
and electron microscopy of polished, carbon-coated samples (refer to the sampling methodology,
detailed in Chapter 3).
7.3 Results
Isopach patterns reveal major regions of flexural subsidence. The total isopach map for
the Puskwaskau Formation in Alberta shows an apparently simple prismatic wedge of mostly
marine mudstone-dominated strata that spans the entire Santonian and earliest Campanian stages,
and represents, collectively, approximately 2.30 Ma (cf. Sageman et al. 2014); each unit
represents an average of approximately 750 kyr (Hu and Plint 2009). The total isopach map
shows that the Puskwaskau succession thickens from < 40 m in the northeast to > 340 m adjacent
to the orogen (Fig. 7.1). Isopachs show rapid thinning < 100 km from the fold-and-thrust belt,
whereas at distances > 100 km from the orogen isopachs become more broadly spaced.
Unit 1 is thickest adjacent to the orogen, at around 53°N, and occupies a region of
flexural subsidence that extends south along depositional strike to 50°N. Isopachs of unit 1 show
rapid eastward thinning over ~ 100 km and become more broadly-spaced, reaching less than 5 m
in the northeast (Fig. 7.2). The isopach map of unit 2 shows that the broad region of flexural
subsidence that defined unit 1 time, has shifted 200 – 600 km to the northwest, where ~ 100 m
of mudstone-dominated strata occupy a major arcuate depocenter (Fig. 7.3). Unit 2 thins rapidly
to the east and pinches out in the southeast. In unit 3, the region of flexural subsidence shifted
350 to > 600 km to the southeast, where 160 to 180 m of Puskwaskau strata accumulated
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adjacent to the orogen (Fig. 7.4). Unit 3 thins to a zero edge in the northwest limit of the study
area – an area which was previously marked by the region of major flexural subsidence of unit 2.
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Figure 7.1 – Total isopach map of the Puskwaskau Formation, Alberta and British Columbia. Data of
this present study extends from Township 60, Range 1 W6 to Township 70, Range 1 W4. Data along
the foothills from Township 35 to about Township 75 is from Hu (1997) and Hu and Plint (2009).
Data south of Township 38 is from Ibrahim (2018). All contours in metres.
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Figure 7.2 – Isopach map of unit 1. Data of this present study extends from Township 60, Range 1
W6 to Township 70, Range 1 W4. Data along the foothills from Township 35 to about Township 75 is
from Hu (1997) and Hu and Plint (2009). Data south of Township 38 is from Ibrahim (2018). All
contours in metres.
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Figure 7.3 – Isopach map of unit 2. Data of this present study extends from Township 60, Range 1
W6 to Township 70, Range 1 W4. Data along the foothills from Township 35 to about Township 75 is
from Hu (1997) and Hu and Plint (2009). Data south of Township 38 is from Ibrahim (2018). All
contours in metres.
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Figure 7.4 – Isopach map of unit 3. Data of this present study extends from Township 60, Range 1
W6 to Township 70, Range 1 W4. Data along the foothills from Township 35 to about Township 75 is
from Hu (1997) and Hu and Plint (2009). Data south of Township 38 is from Ibrahim (2018). All
contours in metres.
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Subsurface correlation shows that allomembers E to H of unit 2 thin markedly and pinchout in the south. Allomember F becomes very thin or unrecognizable to the south. Because unit 2
pinches out in southern Alberta, the top of allomember D (corresponding to unit 1) is directly
overlain by allomember I (corresponding to unit 3). To determine the nature of the interval
characterizing the unit 1 to unit 3 transition, marine flooding surfaces from the subsurface welllog grid were correlated to the ~ 283 m-thick Highwood River section – an outcrop locality that
lies close to the southern pinch-out of unit 2. A detailed section along the Highwood River
revealed that the contact between units 1 and 3 is exposed in the form of an anomalous 2 m thick
interval of bioclast-rich sediment (microfacies 10; Fig. 7.5). This package consists of closelyspaced, cm-scale beds of oysters, inoceramid bivalves, sand-size carbonate fragments, wood, and
phosphatic debris. Thinly laminated mudstone beds (microfacies 2) are interlayered with
microfacies 10.
Traced eastward for ~ 370 km across north-central Alberta, allomembers G and H, that
form the upper part of unit 2, become increasingly radioactive, and the flooding surface that
separates the two allomembers becomes unrecognizable. Similarly, allomember G becomes
indistinguishable from allomember F. Allomembers G and H are each ≤2 m-thick and highly
radioactive over an area of ~ 15,000 km2 in central Alberta. These ‘hot’ mudstones were
sampled at outcrop on the Smoky River and in core 16-4-63-8W5 (Figs. 7.6 and 7.7).
Microtextural analysis of these samples revealed that this hot mudstone zone corresponds to
sediment enriched in marine organic matter, clay, and coccolith carbonate. Optical and electron
microscopy show that organic matter exists in the form organomineralic aggregates, discrete
amorphous fragments, and pelagic fecal pellets. Thin beds of carbonaceous mudstone
(microfacies 7) are punctuated by millimetre-scale graded beds (microfacies 6) and
discontinuous, coarse silt-size quartz laminae.
Observations from regional stratigraphic correlation and petrography can be summarized
as follows: Units 1, 2, and 3 fill discrete arcuate depocenters that underwent abrupt lateral offset
of several hundred km, first to the NW in unit 2, and then to the SW in unit 3. Unit 2 thins from
~ 100 m in the NW to ~ 2m in the SE, where it comprises bioclast-rich sandy sediment that
accumulated on a flexural forebulge. In central Alberta, allomembers G and H (≤ 4 m) are
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represent by carbonaceous mudstone that is equivalent to ~ 66 metres of sediment (cf. Hu 1997)
in the depocenter to the west. These stratigraphic intervals are compared in Table 7.1.
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Figure 7.5 – Stratigraphic occurrence and detail of the condensed
interval at Highwood River section. A) A 2-m-thick interval at
Highwood River consists of bioclastic sandstone (microfacies 10). This
anomalous 2-m-thick interval represents unit 2 and is time-equivalent
to ~100 metres of mudstone-dominated sediment in the depocenter in
the northwest. B) Outcrop photo of the condensed section (arrowed). C)
Bioclastic sandstone consists mostly of oysters and carbonate sand.
Mollusk shells are in both concave-up and concave-down orientation.
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Figure 7.6 – Stratigraphic log and associated gamma ray signature of the Smoky River section, north-central
Alberta. Allomember divisions are noted beside the stratigraphic log. Note the increase in natural
radioactivity directly above allomember D. The top of the succession is characterised by a ‘hot’ mudstone
zone. Representative photomicrographs of marine mudstone collected at the top of the Smoky River section
illustrate that mudstone becomes progressively more organic-, clay-, and carbonate-rich upsection, whereas,
the proportion of siliciclastic silt-size grains decreases. Silt-size detrital grains include quartz, micas, and
feldspar and are typically concentrated in <100 µm-thick lags.
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Figure 7.7 – Detailed view of the ‘hot’ mudstone zone in core (16-4-63-8W5). Organic-rich mudstone from
the top of allomember H (within the hot zone) reveals a dark, organic-rich mudstone with abundant
organomineralic aggregates. A sample collected a few metres above the hot zone reveals a structureless,
bioturbated mudstone with scattered organic fragments and clay-filled burrows (white arrows).
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Table 7.1 – A comparison of condensed facies from the Highwood River (southwestern Alberta) section
and the Smoky River section and core (north-central Alberta).

Highwood River

Smoky River and Core (16-4-63-8W5)

2 m-thick (unit 2)
Mostly sand- to gravel-size sediment
Minimal detrital clay
Abundant bioclasts
Bioturbation is pervasive
Terrestrial (wood) organic matter
Bed thickness: cm-scale
Erosional and Depositional Structures:
Scours, graded beds, and parallel- and
cross-laminae

≤4 m-thick (allomembers G and H, unit 2)
Mostly clay- to silt-size sediment
No detrital sand
Few bioclasts
Bioturbation is weak to absent
Marine (algal) organic matter
Bed thickness: mm-scale
Erosional and Depositional Structures:
Scours, graded beds, and silt-rich lags

7.4 Discussion
The depocenter of unit 2 is interpreted to record localized isostatic subsidence adjacent to
an actively-thickening portion of the orogen. In contrast, units 1 and 3 suggest that active
thrusting took place mainly in central and southern Alberta, with a region of no accumulation in
the north. The two distinct types of condensed facies detailed in Table 7.1, are interpreted to
represent diachronous condensed sections that developed on the periphery of a flexural
depocenter that formed an effective trap for coarse-grained terrigenous siliciclastics. Sand- and
bioclast-rich condensed facies accumulated on the SW periphery of the depocenter, relatively
close to the orogen, whereas in the east, a clay- and organic-rich condensed facies accumulated
between ~ 250 to > 400 km from the orogen.
The condensed section at Highwood River consists mostly of sand- to gravel-size
bioclasts and is dominated by carbonate- and organic-rich sediment, abundant wood, with minor
detrital siliciclastic grains. The bioclastic-rich sediment that characterised the seafloor of this
topographic arch was subjected to early cementation (see Chapter 4), pervasive bioturbation, and
episodic storm reworking and winnowing. The main control on sedimentation at Highwood
River is interpreted to have been tectonism, where active rise of the forebulge in response to
subsidence of the foredeep, resulted in reduced accommodation, and the persistence of shallowwater conditions during unit 2 time. Moreover, a shallow-water setting, and a lack of
accommodation, prevented the accumulation of any significant fine-grained sediment, and
instead, allowed the accumulation of a thin (<2 m thick) sediment-starved deposit of sandy,
bioclast-rich sediment. Renewed flexural subsidence in southern Alberta during unit 3 time
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created accommodation for > 100 m of mudstone-dominated strata. The origin of the condensed
facies at Highwood River may be analogous to the development of ooidal ironstone of the Late
Coniacian Bad Heart Formation that took place on the crest of an intra-basinal arch (cf.
Donaldson et al. 1998; 1999).
The condensed section of unit 2, located in the east, and exposed on the Smoky River, is
rich in organic matter, clay, and coccolith carbonate, with no sand-size (or larger) detrital
siliciclastics. The lack of wood and the presence of strictly marine organic matter in the
condensed facies in the east is probably because terrestrial organic matter underwent extensive
remineralization (i.e. oxidation to CO2, H2O, and nutrients) in the sea (cf. Hedges et al. 1997). In
the east, detrital carbonate is present in the form of clay- to silt-size pelagic coccolith material. In
the south, detrital carbonate is present in the form of benthic bivalve debris. The contrasting
types of carbonate in the condensed facies, as well as the framework grain size – sand in the
south versus mud in the east – may reflect a proximal versus distal shallow-marine setting,
whereby water depth was probably much greater in the east.
The facies from both condensed sections display evidence of erosion, reworking, and
winnowing, and the presence of millimetre- to centimetre-scale graded beds, which suggest
deposition from storm-generated flows above storm wave base (cf. Aigner 1985; Collins et al.
2017). These findings suggest that the Santonian Western Interior Seaway (WIS) in Alberta was
neither a ‘quiescent’, ‘deep’ (i.e. below storm wave base), or anoxic environment – and hence
was markedly different from coeval Santonian deposits in the US portion of the Seaway (Lowery
et al. 2018). Collectively, these findings suggest that regions of sediment starvation in the
Santonian WIS were relatively energetic environments that were subject to episodic storm waveand current reworking of the seafloor.
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Chapter 8: Conclusions
8.1 Conclusions
The conclusions of this study are summarized in the following points:
1. Regional allostratigraphic correlation of the Santonian Puskwaskau Formation was
extended west of the study area of Hu (1997) and Hu and Plint (2009). Marine flooding
and/or transgressive surfaces that bound fourteen allomembers were traced throughout a
study area that encompassed 50,000 km2 of north-central Alberta, between Townships 60
and 70, Ranges 1 W6 to 1 W4.
2. Allomembers are grouped into three tectono-stratigraphic ‘units’, the depocentres of
which shift abruptly along-strike. When viewed at the unit scale, these depocentres are
filled with north-eastward thinning wedge-shaped packages of rock – a stratal geometry
that is the result of flexure driven by the static load of the orogen. Examined at the scale
of individual allomembers, however, the stratal geometry shows little correspondence
with the pattern of subsidence predicted by flexural models of foredeep- to forebulge
subsidence. The subsidence pattern of individual allomembers is interpreted to have been
controlled by movement along four inferred deep-seated faults. Episodic movement of
these deep-seated structures is interpreted to have produced horst and graben structures
that generated localised regions of accommodation. Movement on these faults is
interpreted to have been controlled by changes in the magnitude of in-plane stress within
the plate, probably related to tectonic activity within the Cordillera.
3. Isopach maps that extend along-strike for 800 km reveal that the flexural depocentre of
unit 2 is rimmed by a region of flexural upwarp (i.e. a forebulge). Where exposed at
outcrop on the Highwood River in southern Alberta, the forebulge is mantled by a few
metres of bioclastic sandstone (microfacies 10), that is time-equivalent to approximately
100 m of mudstone-dominated sediment in the coeval depocentre to the north. In central
Alberta, unit 2, and in particular, allomembers G and H, thin and become increasingly
radioactive as a result of the accumulation of carbonaceous, fine to medium mudstone
(microfacies 7). The sand-rich condensed section on Highwood River can be considered
as ‘orogen-proximal’ whereas the clay- and organic-rich condensed section exposed on
Smoky River is ‘orogen-distal’.
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4. Electron microscopy revealed that at the micron-scale, clay mineral particles are
organized into aggregates at three different scales: domains (0.5 to 1 μm in diameter),
face-face aggregates (5 to 10 μm in diameter), and intraclastic aggregates (up to 70 μm in
diameter).
5. Observations in thin section and in SEM showed that 10 microfacies (MF1 to MF10)
could be identified and grouped into five microfacies associations.
6. Mm-scale beds of microfacies succession MF1-MF2-MF3-MF4 are characterised by a
vertical succession that includes a sharp, erosional base, locally with gutter casts, overlain
by a bioclastic lag, wave-rippled silt and very fine sand, and parallel-laminated silt and
clay that becomes more clay-rich upward. Collectively, this succession of features is
interpreted to be the product of a storm-generated combined flow. These beds may
therefore be considered as ‘muddy tempestites’.
7. Medium silt- to very fine sand-size intraclastic aggregates are common in muddy
tempestites, particularly in gutter casts. The microtexture and microstratigraphic context
of these aggregate particles reinforces the interpretation that they are intraclasts of an
intrabasinal origin, rather than lithoclasts of an extrabasinal origin. Consolidation and
stabilization of the paleo-seafloor was probably enhanced through early chemical
compaction and bonding processes and the production of extracellular polysaccharide
coatings by bacteria.
8. Microfacies successions reveal evidence for repeated storm-generated reworking of the
Santonian seafloor in Alberta. The absence or presence of bioturbation can be attributed,
respectively, to a low (2 – 5 mg/L) or adequate (> ~5mg/L) level of dissolved oxygen in
the bottom water, the latter being necessary to support burrowing macrofauna.
9. Two types of parallel-laminated fine to coarse mudstone (microfacies 2) were observed:
1) thinly-laminated (~ 50 – 300 µm thick laminae) fine to coarse mudstone (microfacies
2a), and 2) thickly-laminated (~ 300 – 700 µm thick laminae) fine to coarse mudstone
(microfacies 2b). Laminae in microfacies 2a exhibit a comparatively greater grain size
segregation than microfacies 2b. Moreover, the contact between silt- and clay-rich
laminae is sharp in microfacies 2a, whereas it is gradational in microfacies 2b. The
difference in lamina style is interpreted to be the result of a change in settling behaviour
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due to variations in the frequency and intensity of velocity fluctuations beneath the plug
flow region of a clay-laden, lower transitional plug flow.
10. Petrographic observation reveals that most authigenic cements are intergranular porefilling phases that are suggestive of early authigenesis, most probably at shallow depths
(a few centimetres to decimetres) beneath the seafloor.
11. Cryptocrystalline apatite occurs as two chemically distinct varieties: fluorapatite
(fluorine-rich) and chlorapatite (chlorine-rich). Fluorapatite is the most common form of
apatite in the Puskwaskau succession and occurs most typically as an intergranular
cement that either: 1) is spatially- and temporally-associated with quartz, or 2) occurs as
an overgrowth on chlorapatite. The co-occurrence of apatite and quartz cement is
interpreted to be the result of precipitation from interstitial pore waters of a low pH. The
precipitation of apatite and quartz is favoured in slightly acidic pore water. The
occurrence of fluorapatite overgrowths on chlorapatite was interpreted to be due to either:
1) a second phase of chlorapatite growth on the original chlorapatite and then subsequent
ionic replacement of Cl- by F-, or 2) primary precipitation of fluorapatite on the
chlorapatite crystals, without any intermediate chlorapatite phase.
12. The porous bioclast (calcitic inoceramid fragments, phosphatic debris)-rich forebulge
facies exposed on Highwood River has a high volume of cement due to: a) precursor
minerals that were susceptible to dissolution and degradation, and b) a well-sorted texture
that enhanced porosity and permeability, thereby allowing interparticle flow. In contrast,
the muddy foredeep facies had much lower permeability that limited the delivery of the
ions necessary to form cementing minerals.
13. The presence of a similar diagenetic assemblage between the studied Puskwaskau
outcrop sections suggests that similar microbial processes occurred throughout the
Santonian stage. Limiting factors on authigenesis are interpreted to be the texture of the
sediment, the abundance of bioavailable reductants, and time.
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8.2 Suggestions for Future Work
The following suggestions for future work are proposed:
1. An allostratigraphic study of the Puskwaskau Formation in central Alberta. An unstudied
region exists between the southern limit of this present study (Township 60), the northern
limit of Ibrahim (2018; Township 38), and the eastern edge of the Hu (1997) study areas.
An extension of the allostratigraphic framework that has been established by Hu (1997),
Hu and Plint (2009), Ibrahim (2018), and the present study, would enable a more
complete understanding of the regional stratal architecture and facies distribution of the
Puskwaskau Formation. This region south of Township 60 is of particular interest
because it includes the study area of E. Hooper (PhD in progress), who has found that the
Coniacian mudstones of the Muskiki and Marshybank formations experienced a complex
history of spatially-varying tectonic uplift and subsidence, interpreted to reflect offset on
deep-seated faults. It is not known whether these faults continued to be active in the
Santonian.
2. There is potential for the allostratigraphic framework established in the present study to
be continued eastward into Saskatchewan. It should be noted however, that, because the
Puskwaskau is at shallow depth, the upper part of the succession may be concealed
behind well casing, and allomembers M, L, and even K may not be traceable into
Saskatchewan.
3. U/Pb dating of each of the three tectono-stratigraphic units (and even allomembers) is
desirable to constrain the timing of thrust-sheet advance in the orogen.
4. The isotopic composition of the carbonate cements could be analyzed to assess the timing
of microbial influence during precipitation.
5. Cathodoluminescence imaging of the quartz, calcite, and phosphate cements could be
undertaken to detect textural variations and chemical zoning.
6. An assessment of the clay mineralogy by X-ray diffraction. It would be interesting to
determine whether there exists any variability in clay mineralogy throughout a vertical
section. This could be undertaken to determine whether: 1) clay mineralogy varied
through a progradational succession (i.e. distal to proximal – with possible differential
settling of clay minerals), or 2) sampling of the same allomember in proximal (foothills)
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and distal (core, Smoky R.) settings to see whether there was lateral variation in clay
abundances.
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